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Abstract
In this thesis, a magneto-optical trap setup is used to laser cool and confine
a cloud of 85Rb. The cloud typically contains 108 atoms in a 1 mm3 volume
at a temperature in the region of the Doppler Limit (146 µK for 85Rb). To
study the cold cloud, a subwavelength optical fibre – a nanofibre, or ONF –
is positioned inside the cloud. The ONF can be used in two ways. Firstly, it
is an efficient fluorescence collection tool for the cold atoms. Loading times,
lifetimes and temperatures can be measured by coupling the atomic fluorescence
to the evanescent region of the ONF. Secondly, the ONF is used as a probe beam
delivery tool using the evanescent field properties of the device, allowing one to
perform spectroscopy on few numbers of near-surface atoms. With improvements
in optical density of the cloud, this system is an ideal candidate in which to
generate electromagnetically induced transparency and slow light. A theoretical
study of the van der Waals and Casimir-Polder interactions between an atom
and a dielectric surface is also presented in this work in order to understand their
effects in the spectroscopy of near-surface atoms.
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Chapter 1
Introduction
This body of work is motivated by the concept of trapping, guiding and prob-
ing single atoms, few atoms, or many atoms, around and along a subwavelength
optical fibre using optical techniques. To achieve microscopic atom guidance, re-
searchers used current carrying wires. The first of these was created by Schmied-
mayer in 1995 [?] where atoms from an atom beam were guided along a 1 m
long, 150 µm diameter, segment of wire. Reichel et al. [?] loaded cold rubidium
atoms into a magnetic guide by gradually transforming the MOT trapping po-
tential. Fortagh et al. [?] demonstrated that a fraction of 14% of the initially
trapped atoms were transferred into the linear microtrap at a temperature of 39
µK. These initial techniques led to wires being nanofabricated on the surface of
a chip whose associated magnetic fields could then be used to guide atoms near
to the chip surface [?].
To achieve higher precision atomic manipulation, optical fields must be used.
Generally, this implies that a field with high intensity gradient must be set up
to generate strong confinement for laser cooled atoms. This was first proposed
for neutral atoms by Ashkin in 1978 [?] and successfully implemented by Chu
et al. in 1985 [?]. There are a number of ways to create such a high intensity
gradient in an optical field. For example, Miller et al. [?] demonstrated the
far-off-resonant optical dipole trap in 1993, transporting atoms a distance of the
order of centimetres with submicron precision.
Evanescent fields can also be used to create a large intensity gradient and, thus,
have the potential to trap atoms close to surfaces. This is of primary importance
for the work presented in this thesis. In 1995, Renn et al. [?] used red detuned
evanescent fields through a hollow-core optical fibre to attract atoms to high
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intensities in the central region along the axis, and thus guide the atoms along
the internal axis of the fibre. In a similar method, Müller et al. [?] used hollow-
core optical fibres with blue-detuned laser light to guide atoms through a hollow
fibre. Three methods have been proposed where atoms can be trapped very close
to the surface of the fibre [?, ?, ?]. The two methods of most importance here
are [?] and [?] – the first of these two has been demonstrated with cold caesium
by two different groups [?, ?].
In relation to the work presented in this thesis, the attraction of the ONF is due
to its ability to multitask. Atoms close to the ONF surface can spontaneously
emit photons into the guided modes of the waveguide [?]. This offers a tech-
nique whereby small numbers of atoms can be efficiently probed, even if they are
just held in a magnetic-optical trapping scheme. The ONF can also be used to
trap laser-cooled atoms using the strong evanescent field surrounding its surface.
After trapping, the evanescent field can be modified in real time to manipulate
the trapping sites and, thus, guide the atoms. The confined atoms can then
be probed using the absorption of an on-resonance beam propagating through
the ONF. Eventually, laser cooling and nanofibre technologies will enable realisa-
tion of trapping in controlled sites specifically for atom entanglement via photon
exchange [?, ?, ?, ?] and controlled atomic collisions [?, ?].
1.1 Laser-cooling
A Google Scholar search yields more than 106 results for the terms ‘laser cool-
ing’. As much of today’s literature illustrates, the methodologies of laser cooling
are varied and dependent on what is being cooled and to what amount it is be-
ing cooled. Temperatures achieved can be in the mK, µK, or even nK range
depending on the method used.
The Nobel Prize in Physics was awarded to Steven Chu, Claude Cohen-Tannoudji
and William D. Phillips in 1997 for “the development of methods to cool and trap
atoms with laser light” [?, ?, ?]. In the last decade, advances in our understanding
of metrology, quantum information, tests of fundamental theories, and degenerate
gas studies have been facilitated by our ability to cool atoms, ions and a small
number of molecules. Most experimental studies use alkali atoms such as sodium,
rubidium and caesium.
One of the most popular and relatively simple cooling methods is Doppler cooling,
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where dissipative optical forces are exerted via absorption and subsequent spon-
taneous emission of photons. The lowest temperature attainable with Doppler
cooling is the Doppler Limit (146 µK for 85Rb), but in combining Doppler cooling
with an inhomogeneous magnetic field in a magneto-optical trap (MOT) arrange-
ment, temperatures below this are reachable. The MOT used in this body of work
is described in Chapter 2. In 1987, the first MOT was created by Raab et al. [?]:
an atomic cloud of sodium was cooled to µK temperatures and trapped. Follow-
ing this, Lett et al. [?] observed that, under certain conditions, the temperatures
obtained in optical molasses are in fact much colder than the Doppler limit. There
are several techniques in addition to the MOT that can be used to achieve sub-
Doppler temperatures. Most of these techniques use the feature of non-adiabatic
response of moving atoms to the light field. In the limit of low intensity, the
orientation of moving atoms always lags behind that which would exist for sta-
tionary atoms. Thus, sub-Doppler cooling requires optical arrangements which
incur spatially-dependent optical pumping processes in the atoms.
Doppler cooling is limited to a certain number of elements/atomic species for two
reasons. Firstly, the more complicated the hyperfine structure of an atom is, the
more routes it has to leave the cooling cycle which Doppler cooling operates on.
Large sections of the periodic table are considered off-limits to magneto-optical
trapping because of the perceived “optical leak” problem. Secondly, only certain
optical transitions exist which have matching laser systems. For wavelengths
below 300 nm, inexpensive and powerful lasers are hard to come by. Nevertheless,
the catalogue of species which can be laser-cooled is continuously growing.
1.2 Subwavelength optical fibres
The development of subwavelength optical fibre has revolutionised a great num-
ber of experimental areas in physics. In the mid 1900’s, a number of publications
appeared which discussed the “open bound taper” waveguide in different config-
urations [?, ?] and its relation to the retinal receptors in the human eye [?, ?].
In 1887, a British physicist called Charles Vernon Boys reported drawing very
thin glass fibres from molten minerals using flying arrows [?]. This may be the
first written account of creating micro- and nano-scale tapered glass fibres. The
technique of drawing these thin fibres was reported in ‘On Laboratory Arts’ by
Richard Threlfall in 1898 [?]. These fibres were made for mechanical applications
rather than the guidance of light. One of the first publications which reported
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guiding light through a submicron fibre was in 1959 [?]. Here, the author dispels
the belief that the waveguide must be 10-20 wavelengths in diameter to carry
an electromagnetic signal. In the 60’s, with the birth of the laser [?], Kao and
Hockman proposed the possibility of achieving low optical loss in high-purity
glasses which helped advance the future of fibre optics in the industry of optical
communications [?].
In more recent decades, the fields and modes of tapered waveguides have become
much better understood [?, ?, ?, ?] allowing experimentalists to fabricate such
devices to higher levels of accuracy. In the early 70’s, the tapered glass fibre
began to take on roles as an optical coupler [?, ?, ?, ?], a filter [?, ?], a sensor
[?], an amplifier for evanescent fields [?, ?, ?], and in supercontinuum generation
[?, ?]. In 1999, Bures and Ghosh predicted the enhanced power density of the
evanescent field in the vicinity of the tapered region which may be used in atomic
mirrors [?]. The characteristic enhancement of the field density is one of the
major advantages in using the ONF with external samples such as the cold cloud
of 85Rb atoms described in this work. The ONFs fabricated and used for the work
presented in this thesis are described in Chapter 3.
1.3 Cold atoms and optical nanofibres
The aim of this work is to facilitate interplay between a subwavelength optical
fibre and a sample of cold atoms. This introduces many topics in atom optics
and a consideration for surface interactions. The atom cloud which is the subject
of study here has a diameter in the range of a fraction of a millimetre to a few
millimetres. Under typical experimental conditions, the cloud density is ≈ 1010
atoms/cm3. These characteristics imply that, when the atom cloud is positioned
around the nanofibre, there are a number of atoms near the glass surface. Typi-
cally, dipole interactions in the form of the van der Waals force are a significant
consideration for atoms that exist somewhere in the first 100 nm from the fibre
surface. In Chapter 4, a study of the van der Waals and the Casimir-Polder
forces on the atom illustrate the broadening effects which are then seen in the
resonance fluorescence of the atom. Further, the theoretical results show that the
Casimir-Polder interaction can largely be neglected for our system.
The field of atom optics has evolved with our understanding of the wavelike
properties of atoms. Atom mirrors [?, ?, ?] and atom guides [?, ?, ?], created
with evanescent fields, are analogues of conventional “macroscale” devices. The
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wider goal of this thesis is to create these atom optics elements via atom trapping
and guiding with ONFs.
Atoms can be coupled to, and trapped near, a dielectric nanostructure such as
an ONF without the need for additional external light fields. In 2004, theoret-
ical work by Balykin et al. [?] described atom trapping and guiding using the
evanescent field from a subwavelength-diameter optical fibre. Later that year,
another proposal from Le Kien et al. [?] detailed a two-color evanescent light
field around a subwavelength-diameter fibre to trap and guide atoms. Due to the
small thickness of the ONF, far-off-resonance light fields can be used as they have
substantially differing evanescent field decay lengths that produce a net potential
with a deep minimum, a large coherence time, and a large trap lifetime [?]. An-
other proposal in 2008 [?] described the use of higher mode interference in ONFs
to engineer trapping potentials for atoms.
One of the first steps of integrating atoms and ONFs is to use the ONF to col-
lect the spontaneous emission from the surrounding laser-cooled atoms. This was
investigated theoretically from 2005 onwards by Le Kien et al. [?, ?, ?, ?]. For
caesium, when the fiber radius is about 200 nm, up to 28% of the spontaneous
emission from the atom can be channeled into the ONF guided modes. Further-
more, the confinement of the guided modes and the degeneracy of the excited
and ground states can substantially affect the spontaneous emission process. Re-
lated theoretical work by Le Kien et al. in 2005 [?] described ONF-based energy
transfer between two distant atoms near the ONF surface.
The efficient coupling of atomic fluorescence from laser cooled caesium to the
guided mode of an ONF was demonstrated experimentally in [?]. Additionally,
[?] highlighted the need for studies into the surface interactions between an ONF
and surrounding laser cooled atoms in order to understand the asymmetric fluo-
rescence excitation spectra obtained in the atom + ONF system. This asymmetry
was observed again experimentally in 2007 by Sagué et al. [?] via the absorption
of a resonant probe beam passing through the ONF while inside a laser-cooled
sample of caesium atoms. Theoretical work in 2009 [?] studied the contributions
to these lineshapes of the van der Waals and Casimir-Polder forces. The first
demonstration of absorption through an ONF by 85Rb is reported in [?].
Work by Morrissey et al. [?] and Deasy et al. [?] demonstrated that many of the
characteristics of a MOT can easily be measured with an ONF. By placing the
ONF in the central, most dense region of the atom cloud, new insight is gained
into the dynamics of the MOT during loading and while recording the lifetime.
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As reported in [?] and [?], the presence of the relatively hot ONF in the cold
sample of atoms does not significantly effect the operating temperature of the
MOT, allowing for the possibility to use an ONF with a BEC.
The first experimental demonstration of atom trapping was reported in 2010
using the two-colour method [?]. In [?], approximately 2000 caesium atoms were
trapped and interfaced in a one-dimensional optical lattice created by a two-
color evanescent field surrounding an ONF, approximately 230 nm from the ONF
surface. The two-colour method was also used for caesium in [?] and an optical
depth of 66 was achieved in the system.
1.4 Overview of this thesis
This thesis presents a variety of studies with cold atoms, tapered fibres and
interactions between both. Chapter 2 describes the theoretical background for
the magneto-optical trap and the experimental systems required for its operation.
During the course of my PhD studies, I had the opportunity to work in the
Laser Physics Group of Prof. Dr. Dieter Meschede at the University of Bonn.
Throughout this three month period, a single-atom imaging objective which had
been developed initially by W. Alt [?] was constructed and tested. Details of the
resulting custom design is given at the end of Chapter 2.
Chapter 3 provides a summary of the waveguiding properties of optical fibres and
optical nanofibres (ONFs). The end of the chapter focuses on the fibre-pulling-rig
and the installation of the ONF in the vacuum chamber. An important point to
note is that Chapters 3, 4 and 5 concentrate solely on the ONF as a collector of
light rather than a device which delivers a probe beam. Thus, the evanescent field
around the ONF will not be discussed until Chapter 7 where its characteristics
are of critical importance.
Chapter 4 examines the surface interactions between a dielectric waveguide and a
surrounding sample of atoms. This work can be found in [?]. The relevance of the
Casimir-Polder force is assessed in the atom-surface system and lineshapes are
modelled for the resonance fluorescence of rubidium and caesium near an ONF.
Chapter 5 summarises a number of experimental results obtained with the ONF.
Two methods of temperature measurement are presented and compared: the
method of forced oscillations [?] and the release-recapture method [?]. Important
points regarding coupling efficiency are also discussed in the context of atomic
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fluorescence and the guided mode of the ONF.
Chapter 6 presents recent work on the implementation of a dark magneto-optical
trap for 85Rb. Results from freespace spectroscopy are compared with results
measured via the ONF.
Chapter 7 is a summary of ONF absorption spectroscopy. Theoretical considera-
tions for the evanescent field surrounding an ONF are first presented and followed
by experimental absorption results.
Finally, Chapter 8 illustrates some potential studies which the experiment can
be used for provided a number of ONF-based limitations can be overcome. This
chapter highlights the exciting possibilities open to the combination of high-den-
sity atomic samples with precisely-designed ONFs.
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Chapter 2
Laser cooling with a
magneto-optical trap for 85Rb
The technique of laser cooling uses light to manipulate atoms. Through absorp-
tion and spontaneous re-emission of light, the translational kinetic energy of an
atom – and therefore its temperature – can be reduced. Although many different
cooling and trapping schemes exist to achieve cold gases in 1-, 2- and 3-dimen-
sions, the most commonly-used scheme for neutral atoms is the magneto-optical
trap (MOT). This hybrid trap uses a combination of laser and magnetic fields to
optically pump slow-moving atoms in a linearly-inhomogeneous magnetic field.
The scheme works for any atom with total angular momentum, J , of its ground
and excited electronic state separated by 1: Jg → Je = Jg + 1, Jg − 1, ... etc. The
MOT has been described as the workhorse of the laser cooling world. It allows
milli- and micro-Kelvin temperatures to be reached with neutral alkali atoms
using modest laser powers and well-established laser frequency stabilisation tech-
niques.
This chapter will outline the theoretical background to laser cooling in terms of
atom-light interactions and the relevant atomic properties of rubidium-85 (85Rb).
In the second part of the chapter, the experimental setup used in this body of
work will be outlined. This will include the laser locking scheme, optical setup
and electronics. The final section of the chapter will discuss an inexpensive optical
setup for a diffraction-limited, long working distance monochromotic objective to
collect light from a MOT. This will be implemented in the setup for future work
where high resolution imaging will be required to detect single atoms in optical
traps.
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2.1 Theory of laser-cooling
85Rb (relative abundance = 72%) has 37 electrons, only one of which is in the
outermost shell. The ground state (5S1/2) has a total angular momentum, Jg, of
1/2. In the excited state, the total angular momentum (Je) can be 1/2 (5P1/2) or
3/2 (5P3/2). The nuclear angular momentum, I, of 85Rb is 5/2. The interaction
between I and J leads to hyperfine structure, which means the total atomic
angular momentum (F) is then given by F = J+I, where the angular momentum
can take the following values: |J − I| ≤ F ≤ J + I. When a magnetic field
is applied to 85Rb, the degeneracy is lifted from the 2F + 1 Zeeman sublevels
(mF = −F, ..., F ).
A brief explanation of how the MOT operates follows. For simplicity, take an
atom with an atomic transition from Jg = 0 → Je = 1. In a magnetic field,
this transition will have three Zeeman components (me = −1, 0,+1) which are
excited by each of three polarisations (σ−, pi, σ+) according to selection rules [?].
Figure ?? illustrates what happens when this atom experiences a linearly vary-
ing magnetic field and two counterpropagating, oppositely circularly-polarised
laser beams (each with identical red-detuning, (δ<0) from the atomic resonance).
When the external magnetic field is greater than 0, me = +1 is shifted upwards
in energy and me = −1 is shifted downwards in energy due to the Zeeman effect.
Thus, if the atom is in a position where B > 0, then the ∆m = −1 transition is
in resonance: more light is scattered from the σ− beam than the σ+ beam. The
atom is driven towards the centre of the trap. The reverse is true for B < 0:
me = +1 is shifted down and me = −1 is shifted up and the atom will scatter
more light from the σ+ beam and be driven towards the trap centre. The further
the atom is from the centre of the MOT, the closer to resonance it is with the
laser. This generates a restoring force towards the MOT centre. Since the laser
light is detuned below the atomic resonance (δ<0), both compression and cooling
of the atoms is achieved simultaneously in a MOT. The cooling itself is described
by the ‘optical molasses’ effect of the optical part of the MOT. When the ru-
bidium atom absorbs a photon from an oncoming laser beam, the atom makes
a transition to the excited state (Figure ??(a)-(b)). In addition to the trans-
fer of photon energy, the atom experiences a momentum kick in the direction
of propagation of the laser field due to the conservation of momentum (Figure
??(b)). This recoil, whose strength is given by h¯k0, slows the atom by an amount
vrec = hk0/mRb for each photon absorption, i.e. 6 mm/s for Rb atoms (where
mRb is the mass of the 85Rb atom).
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Figure 2.1: 1-dimensional model of a magneto-optical trap for a Jg = 0 → Je =
Jg + 1 atom (Jg = 0 → Je = 1 is used for simplicity). (a) Oppositely circularly-
polarised light beams of the same red-detuned frequency counterpropagate in a linearly
inhomogeneous magnetic field. (b) The atom experiences splitting and shifting of its
electronic transition levels according to its position in the magnetic field. The quantities
δ+ and δ− indicate the position-dependent detuning of the cooling laser frequency from
the shifted Zeeman levels me = 1 and me = −1, respectively. (c) Shifting of levels at
three different positions in the MOT.
The return to the ground state can be either by spontaneous or by stimulated
emission. In the case of the work described here, the laser intensity is low and
thus emission will be spontaneous in nature. The spatial symmetry of the emitted
fluorescence results in an average of zero net momentum transfer from many such
fluorescence events as indicated by Figure ??(c). Thus, the net force on the atoms
is in the direction of the laser beam (i.e. as a result of the initial absorption event),
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and the maximum deceleration is limited by the spontaneous emission rate. By
using intersecting, oppositely-directed laser beams, the movement of the atoms in
the intersection region can be severly restricted. For δ<0, the force experienced by
the atoms due to the oncoming laser beams viscously damps the atomic motion.
While the average momentum transfer of many spontaneous emissions is zero as
mentioned, the rms scatter of these events is finite which leads to the Doppler
cooling limit [?].
pRb=mRbvRb 
pph=ħk0 
1. Photon incident on atom 
vRb 
pRb=mRbvRb-ħk0 
2. Absorption occurs 
Kick ħk0 
vRb-ħk0/mRb 
3. Spontaneous emission in 
arbitrary direction 
pRb=mRbvRb-ħk0 
vRb-ħk0/mRb 
pRb=mRbvRb-ħk0 
4. Atom with reduced vRb 
ready to begin cycle again 
vRb-ħk0/mRb 
…some time passes 
Figure 2.2: An illustration of laser cooling in 1-dimension via spontaneous emission
with momentum conservation considerations.
Conceptually, the Doppler cooling limit can be understood from the finite natural
linewidth of the cooling transition. This width automatically selects a frequency
range within which the cooling laser can operate. With increased red-detuning,
lower temperatures can be achieved but a corresponding drop in absorption ef-
ficiency must occur as the frequency of the laser is ‘on-resonance’ with some
position on the side of the lineshape.
The Doppler limit temperature can also be understood to result from an equi-
librium between laser cooling and the heating process arising from the random
nature of both the absorption and emission of photons. The random addition
to the average momentum transfer produces a random walk of the atomic mo-
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mentum and an increase in the mean square atomic momentum. This heating is
countered by the cooling force which opposes atomic motion. The force is propor-
tional to the atomic velocity, as the Doppler shift is proportional to velocity. In
this, the cooling force is similar to the friction force experienced by a body mov-
ing in a viscous fluid hence the term ‘optical molasses’. The rate at which energy
is removed by cooling is proportional to v2, so the cooling rate is proportional
to the kinetic energy. By contrast, the heating rate, proportional to the total
photon scattering rate, is independent of atomic kinetic energy for low velocities.
As a result, the heating and cooling come to equilibrium at a certain value of the
average kinetic energy. This defines the temperature for Doppler cooling, which
is
m〈v2i 〉 = kBT =
h¯Γ
4
(
Γ
2δ +
2δ
Γ
)
(2.1)
where vi is the velocity along some axis. This expression is valid for 3D Doppler
cooling in the limit of low intensity and when the recoil energy h¯2k2/2m  Γ
[?]. The minimum value of this temperature is called the Doppler cooling limit,
occurring when TD = hγ/2kB, where γ is the natural linewidth of the cooling
transition.
In this work, the MOT is implemented in 3-dimensions by using three pairs of laser
beams and a spherical quadrupole magnetic field. The technical specifications of
this are contained in the following section. The transition F = 3 → F ′ = 4
is used for cooling as, by selection rules, scattering from F ′ = 4 to F = 2 is
not possible. In reality, atoms will accumulate in F = 2 after many cooling
cycles. This necessitates the use of a repumping laser tuned to F = 2→ F ′ = 3.
The laser frequencies used are illustrated in Figure ??. Typically, δ is set to
two or three natural linewidths (∼ 2–3 × 6 MHz) below resonance as this range
gives the best compromise between steady-state atom number, scattering rate
and temperature.
2.2 Experimental setup
To create a magneto-optical trap for 85Rb, three main systems are required: (a)
two frequency-stabilised lasers – one for laser cooling on the closed transition
and one for repumping the atom back into this closed transition, (b) a spherical
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Figure 2.3: Energy level scheme for the ground and first excited state electronic tran-
sition (D2) in 85Rb and the laser frequencies used in the MOT. The cooling laser is
detuned from the F = 3→ F ′ = 4 transition by an amount δ.
quadrupole magnetic field to create a linear magnetic field gradient in the region of
the laser intersection, and (c) an ultra-high vacuum (UHV) chamber to minimise
collisions between the cold atoms and thermal background. The following sections
describe these technologies as well as the optical setup, the 85Rb source and the
operational procedures of each system.
2.2.1 Laser system and optical arrangement
Two tunable, narrow linewidth extended cavity diode lasers (ECDLs) are used
to cool 85Rb. The cooling laser consists of a Sacher-Lasertechnik TEC-300 diode
(Tiger) inside a Sacher Lasertechnik housing. The repump laser is a 150 mW
Sacher-Lasertechnik TEX-120 (Lynx) design. Both lasers are Littrow configura-
tion – an illustration of a Littrow-configuration ECDL is shown in Figure ??.
Often, in Littrow configuration, the main output beam will be along the direction
of the 0th-order indicated in Figure ??. If the grating is moved to tune the wave-
length, this will change the direction of the output beam, which is inconvenient
for many applications. While there are other designs which circumvent this dis-
advantage [?], the design described in Figure ?? is used by Sacher-Lasertechnik
and Toptica in the laser setups used here. The -1 order diffracted beam from a
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Figure 2.4: An extended cavity diode laser in Littrow configuration. The anti-reflec-
tion coated diode emits a laser beam toward a diffraction grating. The grating is aligned
such that the -1 order reflects back into the diode to amplify the output signal.
grating is directed back into the laser cavity resulting in a single mode, whose
frequency matches that of the -1 order. Only a fraction of the power which is
incident on the diffraction grating is lost through the zero order beam, which
itself can be used for alignment diagnostics.
The ECDL configuration narrows the linewidth of the diode [?, ?]. Without the
extended cavity, the diode can be tuned only with supply current and temper-
ature. However, by introducing a PZT-mounted grating in the extended cavity,
the cavity length can be finely adjusted to allow precise control of the wavelength
over a small range. This increases the mode-hop-free tuning range to tens of GHz.
With suitable electronics, a modulated signal can be sent to the PZT to scan the
wavelength of the laser over a chosen range.
Both ECDLs are frequency-stabilised using saturated absorption specroscopy
(SAS). The SAS setup generates an error signal which is used as a locking loop to
control the laser output. Two variations of SAS are used – the SAS arrangement
for the cooling laser is shown in Figure ?? (a). A small fraction (≈5–10%) of
the main ECDL ouput is sent to a single-line spectroscopy setup: the intensity
ratio of the forward-going (pump) and retro-reflected (probe) beam is controlled
with two waveplate-PBS combinations. The probe beam is aligned such that it
intersects with the pump beam. The photodiode (PD) is positioned to detect
the probe beam and the signal is sent to an oscilloscope to derive an error signal
for the feedback loop. Additionally, by scanning the laser wavelength with the
piezoelectric transducer voltage, the Doppler broadened peaks for the D2 transi-
tion (i.e. 52S1/2 → 52P3/2) can be identified, with the hyperfine structure visible
within the peaks. The Doppler-broadened SAS spectrum for 85Rb and 87Rb is
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Figure 2.5: (a) Experimental setup for Doppler-broadened saturated absorption spec-
troscopy used for the cooling laser. (b) Using a reference beam, the Doppler peaks can
be eliminated from the Doppler-broadened SAS signal with a balanced receiver. M =
mirror, λ/2 = half waveplate, PBS = polarising beamsplitter, ND = neutral density
filter.
shown in Figure ?? as a function of PZT voltage.
In Figure ??(b), the Doppler-free SAS setup for the repumping laser is shown.
A glass block is used to split two small fractions (4% at each glass-air interface)
of the primary beam off and send it to the spectroscopy setup. One of these
beams is sent through the vapour cell and retroreflected on itself to generate
the SAS signal. A neutral density filter (ND) is used to reduce the intensity of
the retroreflected beam. A secondary beam is sent through the vapour cell and
back again, without overlap, to act as another pump beam. This generates the
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Doppler-broadened spectrum which can be inverted to cancel out the Doppler-
broadened component in the SAS signal. An example of this is shown in Figure
??. For most of the experiments described in this work, such high-resolution
spectroscopy of the repump hyperfine peaks is not essential. It can be assumed
that, unless mentioned otherwise, the repump laser is locked to the cross-over
peak (“CO”) between F ′ = 1 and F ′ = 3: (1′ → 3′)co. This is sufficient for
transferring the atoms from F = 2 back to F = 3.
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Figure 2.6: A plot showing the Doppler-broadened SAS spectrum for 85Rb and 87Rb.
The inset shows a close-up of the hyperfine peaks for the F = 3 → F ′ = 2, 3, 4 transi-
tions in 85Rb. The cooling laser is locked to the crossover peak (2′ → 4′)co. Both x-axes
are represented in terms of PZT voltage: a linear scan of voltage results in a linear
scan of ECDL frequency (wavelength).
Laser-locking is facilitated by a Toptica DigiLock system. This unit takes in
the SAS signal from the laser, generates an error signal which is fed back to the
ECDL (either via PZT voltage or bias-T, or both). User-controlled PID settings
are chosen to improve lock quality.
A diagram showing the optical arrangement for preparing the MOT beams is
shown in Figure ??. For the cooling laser, to allow the beam to shape correctly,
a distance of 1 m was left free of optics between the primary PBS and the next
mirror to direct the beam through the AOM. This was necessary due to charac-
teristics of the diode.
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Figure 2.7: The main plot shows the Doppler-free hyperfine peaks of the repump
transitions in 85Rb. The inset shows a zoom in of the densely-packed peaks. The x-axis
is represented in units of time: a linear scan of voltage in time results in a linear scan
of ECDL frequency (wavelength).
2.2.2 Magnetic field
Experimentally, the magnetic field for the MOT is created using an anti-parallel
configuration as shown in Figure ??. This generates an inhomogeneous magnetic
field which has a minimum at some position along the z-axis between the two
coils. The field is zero at z = 0 when the currents in each coil are equal in value
but opposite in direction. The field gradient is essentially linear throughout the
capture region of the intersecting laser beams.
The magnetic field strength along the z-axis can be approximated by [?]
Bz =
NIµ0
2rcoil
 1(
1 +
(
z
rcoil
− d2rcoil
)2)3/2 − 1(
1 +
(
z
rcoil
+ d2rcoil
)2)3/2
 , (2.2)
where rcoil is the radius of the coils, with N turns in each of the coils, a separation
between the coils of d, current in the coils of I, a distance from the geometrical
centre between the coils z and µ0 is the permeability of the vacuum.
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Figure 2.8: Summary of MOT optics. Either a single or triple repump beam MOT
could be arranged depending on the application.
The electric coils are enamelled copper wire (200 windings) wound around alu-
minium frames and are positioned on either face of the MOT chamber. Custom-
made copper wedges fix the coils in place. The coils have a radius of 75 mm and
are separated by a distance of 90 mm. The coils are operated independently with
currents of 3 to 6 Amps resulting in a magnetic gradient, in the trapping region,
of 10-20 Gauss/cm. With independent control over the current in each coil, the
minimum of the field can be translated along the z direction. The 3-dimensional
profile of the magnetic field produced by the coils is given in Figure ??. The
four peaks are caused by the coils emerging from the xy-plane and indicate the
position of the maximum field strengths in Figure ??. The central dark region is
the potential minimum where the atoms are confined during the operation of the
MOT.
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Figure 2.9: Coils for creating a linear, inhomogeneous magnetic field in the region of
the MOT laser intersection.
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Figure 2.10: Magnetic field strength of the quadrupole magnetic field used for this
MOT.
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Figure 2.11: Theoretical magnetic field produced by the coils along the z-axis. The red
line is a linear fit to the data to provide an estimation of the magnetic field gradient.
2.2.3 Ultra-high vacuum
Cooling and trapping neutral atoms with a MOT for more than a few seconds
requires a vacuum of at least 10−7 mbar. The atom cloud must be isolated from
the external environment which contains background gases that would collide
with trapped atoms. With the UHV system described here, a base pressure of
5× 10−10 mbar can be achieved.
A schematic diagram of the UHV system is shown in Figure ??. The chamber
itself is a stainless steel structure assembled with high purity, oxygen-free copper
gaskets on all flanges. Prior to assembly, all vacuum components were thoroughly
cleaned using lint-free cloth and acetone. The MOT chamber is an octagonal
chamber with a 2.75′′ CF port placed on each of the eight surfaces. Six of these
ports are windows with anti-reflection coating optimised for transmission at 780
nm light. This permits optical access for the MOT beams and probe beams.
A fibre feedthrough flange is attached to the top port, and a blank CF flange
is secured to the bottom flange.1 The fibre feedthrough flange has a Swagelok
fitting which enables the fibre pigtails to be coupled through a Teflon ferrule while
maintaining UHV. On the front and back surface, there are 4.5′′ CF ports. A
1For some work contained in this thesis, these upper and lower flanges were swapped.
Mounting the fibre from the top down was found to be experimentally easier than installing it
from the bottom port.
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Figure 2.12: Illustration of the vacuum system and chamber.
viewport is attached onto one of these CF ports, while the other side is connected
to a stainless steel six-way cross with a 4.5′′ CF port on each arm. The chamber
is secured to the optical bench with a pair of aluminium supports locked around
two of the arms on the six-way cross. The first pump is an Ulvac GLD-136C
rotary-vane pump (the RVP has a pumping speed of 136 litre/min) which is
connected to the six-way cross using a flexible plastic bellows and a KF flange
(rated to 10−8 mbar). The RVP is connected in series with a Varian TV-81-T
turbomolecular pump (TMP) which rotates at 80,000 rpm. The TMP connects
to the chamber via a 4.5′′ CF flange below the six-way cross. The third pump
is a Varian VacIon Plus Starcell 55 ion pump (IP) which pumps at 50 litres/sec.
This is connected to the rightmost flange of the six-way cross via a 0.5 m long
stainless steel bellows. This bellows is utilised to increase the distance between
the MOT chamber and the strong magnets of the ion pump.
Central to the system is a T-valve (rated to 10−12 mbar) that provides isolation of
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ion pump, MOT chamber and six-way cross from the TMP and RVP attachments.
This valve is positioned on the lowest arm of the six-way cross. The top port of
the six-way cross is a dual pressure gauge integrated into a single sensor head.
A PM-PVB2 Pirani gauge is used to measure pressures from atmosphere down
to 10−3 mbar. A PM-AIG17G ionisation gauge is used for pressures from 10−3
to 10−9 mbar.2 Both gauges are connected to a NGC2 pressure gauge controller
using a shielded cable which supplies and reads all voltages/currents required and
displays the pressure measurement.
Rubidium is introduced to the chamber using dispensers (SAES getter, Rb/ NF
/3.4/12 FT10+10) which are attached to the left port of the six-way cross. Elec-
trical feedthroughs on this port connect the getters to a variable current supply
which allows control of the amount of Rb vapour in the vacuum chamber. The
getters are mounted so that they are not directly in line with the MOT to avoid
high-velocity rubidium atoms colliding with the cold atoms in the MOT. Each
getter is a metal strip that contains a mixture of rubidium-chromate (Rb2CrO4)
plus a reducing agent. To activate a new getter, a process called ‘burning in’
must be peformed. This involves passing ever greater currents through the getter
source for a short period of time until it is evident that rubidium is being released
by resistive heating. When a high enough current is applied to the getter, a small
slit on one side of the getter will open which allows the rubidium to be released.
To test for the presence of rubidium, a laser tuned to one of rubidium’s atomic
transitions is passed through the chamber until fluorescence is observed using a
CCD camera.
The pump-down procedure is as follows. The roughing pump (RVP) is connected
to the back of the chamber and the T-valve is open. The gas is drawn from
the chamber into the RVP and expelled through an Edwards FL20K foreline
trap. After approximately 6 hours a pressure of ∼ 2 × 10−2 mbar is achieved.
This pressure is measured using the pirani gauge and read from the ionisation
gauge controller. At this stage, with the T-valve still open, the turbo molecular
pump (TMP) is switched on. Using the ‘emission’ function of the ionisation
gauge controller, the pressure is monitored. At approximately 10−6 mbar, the
ion pump (IP) is switched on. The three pumps work in unison for 5 minutes
and the T-valve is closed. The chamber is now being pumped down solely with
the ion pump. The RVP and TMP are deactivated to allow the rear section of
the chamber to return slowly to atmospheric pressure. The pressure in the main
2In practise, the ionisation gauge is rarely used as it increases the vacuum pressure during
operation. The ion pump current is sufficient to measure pressures from 10−2 to 10−10 mbar.
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chamber is now read from both the ion pump current and from the ionisation
gauge controller. A minimum pressure of ∼ 2× 10−7 mbar is usually obtained at
this stage.
To reach lower pressures, contaminants from the inner chamber walls must be
removed. These contaminants are usually water-based and can be removed via
a process called bakeout. The MOT chamber, six-way cross, bellows and ion
pump are wrapped with individual electrical heating straps and then covered with
aluminium foil to provide insulation. Thermocouples are attached to each region
with copper tape and are connected to a MA900 PID 15 temperature controller,
which monitors and controls the temperature of each section using power relays
to the heating tapes. The temperature is incremented/decremented in 10◦C steps
with 30 minutes of temperature-stabilisation in between to ensure the ion pump
does not stop operating due to the increased level of outgassing. Additionally,
the temperature change must not exceed 2◦C/min as this can irreversibly warp
chamber components, flanges and fittings due to thermal stress. The temperature
of the entire system is maintained at 140◦C for two days before reducing it back
to room temperature using the same gradation of <2◦C/min. After bakeout, the
base vacuum pressure is always below 1× 10−9 mbar.
2.3 Imaging optics for single atoms
The detection of small numbers of atoms and molecules via imaging techniques
is highly desirable for modern atomic physics experiments. Collecting low levels
of light and the imaging of small sources require a high numerical aperture and
diffraction-limited performance, respectively. Often, in ion trapping experiments
or laser cooling of neutral atoms, efficient imaging optics are required but must
adhere to restrictions in working distance due to the already dense arrangement of
optics, beam paths and mechanical structures. Commercially-available solutions
for this application are either long working distance microscope objectives, which
are relatively expensive, molded aspheric lenses with usually short focal lengths,
or achromats, which have larger spot sizes. Thus, it is preferable to custom design
an objective to suit the experimental system. With widespread availability of
optics and mounting systems, this task is made easier.
A lens system is described here which fulfills the requirements of having a high
numerical aperture, diffraction-limited performance and can be optimised using
OSLO software to account for UHV chamber windows and the operational wave-
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length. The design, optimisation and testing follow the procedures outlined by
[?]. The objective described here is ideal for use with a caesium MOT (at an
imaging wavelength of 852 nm) but can easily be re-positioned to compensate for
chromatic shift to work with wavelengths between 400 and 1064 nm.
The lens array is designed with OSLO LT software by tracing a uniform parallel
beam through a set of optics and the chamber window such that it focuses at
the cloud position. Although four, five and six lenses were trialled, it was found
that good designs could be made with just four lenses. The final lens surface, 8,
was set to have fixed radius of curvature and focal distance in order to keep the
distance between the cloud and objective constant. The radii of curvature and
inter-lens distances are used as variables. The program minimizes the squared
sum of the spherical aberrations up to 7th order as well as 3rd order coma and
astigmatism. The four-lens design is shown in Figure ??.
1 2 3 4 5 6 7 8 9 10 
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Figure 2.13: Lens assembly for the objective.
The lenses were chosen from the LENS-Optics GmbH catalogue3 to closely match
an OSLO-optimised lens array. Each lens is 25.4 mm in diameter, has a surface
quality of λ/4, scratch-dig 20-10, centration <5 minutes of arc and anti-reflection
coating for 650–1000 nm. A 25.4 mm lens tube and set of retaining rings (Thorlabs
SM1L40) were used to secure the array in place.
A shear plate interferometer was used to test the objective design. A 852 nm
laser beam was focused onto a 1 µm aperture to serve as a high NA point source.
The transmitted light was collimated by the objective, sent to a shear plate and
analysed with a monitor (Figure ??). The resulting interference fringes give
information about the wave front distortion from the objective [?]. The primary
difficulty with this objective was found to be the play of lens positioning inside
the tube. Although each component was machined to satisfy ±0.1 mm in its
dimensions, the tube itself allowed large movemements of the lenses when the
3LENS-Optics GmbH, Finkenweg 14a, 85391 Allershausen, Germany, http://www.lens-
optics.de/
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(a) 
(b) 
Figure 2.14: Illustration of the testing method used for the objective. The upper
panel (a) describes the method of aligning the 1-µm aperture (AP) with the focussed
laser beam. Both the AP and PD (photodiode) are fixed to translation stages. The
transmission of the laser beam through the AP is maximised iteratively. When the
transmission reaches the highest value attainable, the objective is placed at its focal
length after the AP (b). A shear plate is positioned at 90◦ to the expanded and magnified
output beam and a CCD camera is used to examine the interferometric pattern.
retaining rings were not secured. Thus, it was very difficult to place the lenses in
the tube and ensure that they were all in line with each other along the central
axis of the tube. To solve this problem, a custom tube was designed as shown in
Figure ??. Each lens is placed in its own individual lens tube and each tube can be
screwed together using internal and external threading. The entire tube piece was
fabricated from one solid aluminium piece to minimise diameter-mismatching.
Unfortunately, this design was complete a number of weeks after returning from
the research group in Germany, so final shear plate interferometry tests were not
carried out on this objective. However, this simple and effective objective can be
used in the future for imaging the cloud of cold atoms.
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Figure 2.15: A custom lens tube with individual lens holders which thread together to
form the lens array illustrated in Fig. ??.
2.4 Conclusion
This chapter described the use of a magneto-optical trap to laser cool and spatially
confine a sample of 85Rb atoms. In the past decade, the MOT has made its way
into undergraduate laboratories with the advance in inexpensive laser diodes and
all-in-one frequency locking systems. In this system, three pairs of orthogonally-
directed circularly polarised beams are aligned to intersect at the centre of a
vacuum chamber. A pair of magnetic field coils in anti-parallel configuration
creates a spherical quadrupole trap which has a minimum position aligned with
the centre of the intersection point of the six beams.
Resolving the hyperfine spectrum of 85Rb is necessary for frequency-stabilisation
of the cooling and repumping laser. To lock the frequency of the cooling and
repump laser, a saturated absorption spectroscopy setup is used and the resulting
signal is sent to a DigiLock system to controllably frequency lock both lasers.
Work on a high resolution imaging objective has been presented. This system
will be tested and utilised in the experiment in the future.
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Chapter 3
Theory and fabrication of optical
nanofibres (ONFs)
The optical fibre discussed in this thesis is commercially-fabricated, cylindrical,
glass fibre designed to allow a single mode of light to propagate. The fibre consists
of a glass inner core (typically made from germanium-doped silicon-oxide) and
a surrounding glass cladding made from pure silicon-oxide (SiO2). The presence
of the doping element in the core generates the small difference in refractive
index, n, between the core and cladding (nclad < ncore), thus allowing light to be
confined within, and propagate along, the fibre. The core size is designed so that
the optical field intensity at the cladding-core interface is negligible. Tapered
fibres are created by simultaneously heating and stretching such a step index
optical fibre using a fibre pulling rig. If the taper is stretched enough so that
the narrowest region has a submicron diameter, the waveguide is then called
an optical nanofibre (ONF). In this chapter, the properties and characteristics
of ONFs will be explained including theoretical considerations and experimental
data. Consideration will be given to their use with a sample of cold rubidium
atoms. The first section concentrates on the theory behind these waveguides. The
final section returns to experimental work with ONFs and how they are fabricated
with the fibre pulling rig. The advantages of the ONF as an atom probe and the
nuances of installing it in UHV are also discussed.
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3.1 ONF profile
A schematic diagram of a tapered fibre using 125 µm fibre with a 4.4 µm core
diameter is shown in Figure ??. The tapered fibre is a waveguide which has
two segments of standard optical fibre (the pigtails) either side of a very thin
length of fibre called the waist. Typically, the waist is a few mm in length.
The transition regions join the pigtails to the waist to make a smooth change in
diameter. The taper profiles in this work are exponential due to the stationary
flame and limited stepping motor motion of the fibre pulling rig.1 In the pigtails,
the light mode propagates in the core due to the step in refractive index between
the two media. In the transition region of the taper, both the core and cladding
diameters decrease simultaneously. Eventually, the light mode will no longer be
guided by the core and it will extend into the cladding via an evanescent field.2
As the initial core diameter is already much smaller than the initial cladding
diameter, the core essentially disappears. This results in a waveguide where the
mode partially exists within the cladding (the new, smaller core) and partially as
an evanescent field. Thus, the first transition region transforms the core-cladding
guided mode to a cladding-environment mode while the second transition region
does this process in reverse. The transition regions introduce/are associated with
loss mechanisms for the mode and, therefore, in the following sections, the concept
of an adiabatic transition region will be introduced and later considered in terms
of the operation of the fibre pulling rig used in the Quantum Optics Laboratory.
Waist Transition 
125 μm 4.4 μm 
Pigtail Transition Pigtail 
Diameter, 2a 
Taper length ≈6 cm ẑ-direction 
Figure 3.1: Schematic illustration of an optical nanofibre. The narrowest region has
a diameter, 2a in the range of hundreds of nanometers. Typical taper lengths are in the
region of 6 cm. The zˆ-direction is along the fibre axis.
1By using a narrow, movable flame, almost any taper profile can be obtained [?].
2At any total internal reflection event there will be an evanescent field, but in the case of
usual core-cladding guidance, it will be negligible in terms of spatial extent and intensity.
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3.2 Propagation of light in an optical fibre
Using cylindrical coordinates (r, φ, z), Maxwell’s equations for an isotropic,charge-
free, non-magnetic medium can be used to derive the dispersion equation for a
step-index optical fibre (see Appendix A, [?] and [?]),
J ′l (ha)
haJl(ha)
= −n
2
core + n2clad
2n2core
K ′l(qa)
qaKl(qa)
±R (3.1)
where
R =
(n2core − n2clad
2n2core
)2 (
K ′l(qa)
qaKl(qa)
)2
+ l
2
n2core
β2
k20
(
1
q2a2
+ 1
k2a2
)21/2 . (3.2)
Here, k = ωn/c = k0n is the wavenumber, ncore is the refractive index of the
core and nclad is the refractive index of the cladding material. The quantity l
is an integer which determines the azimuthal properties of the fields and can
be compared to a measure of “skewness” in the ray diagram picture. Both h
(= k2 − β2) and q (= β2 − k2) depend on k and the propagation constant along
the fibre axis, β. β is one of the most important quantities for determining the
modal structure of light in a fibre.3 The functions K(ha) and J(ha), and their
derivatives, K ′(ha) and J ′(ha), are Bessel functions of the first kind and modified
Bessel functions, respectively. The ± sign in Equation ?? denotes two sets of
solutions: the HE (−) and EH (+) modes.4 Equation ?? can be solved graphically
for β by plotting the left and right-hand side and finding the coordinates of their
intersections. An example of this is shown in Figure ?? for −R (HE modes),
l = 1.
3The fraction β/k0 is often redefined as neff, the effective refractive index. To avoid confusion
with the use of neff to describe the number of atoms emitting light into the ONF modes in later
chapters, this definition is not used in this thesis.
4The naming of the modes is based on the contribution of Ez and Hz to the mode in
comparison to the contributions from a transverse component: Ez makes a larger contribution
than Hz for the EH modes, and Ez makes a smaller contribution than Hz for the HE modes
[?] (this is true despite the different units of measurement for Ez and Hz).
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Figure 3.2: Plot of the LHS (red, solid line) and RHS (black, solid line) of Equation ??
for l = 1 (hybrid modes) and −R (using +R yields the EH modes). Each intersection
point yields a value for β via h =
√
k2 − β2. The upper panel shows three intersec-
tion points (HE11, HE12, HE13) for a fibre with core radius 7.5 µm, ncore = 1.4595,
nclad = 1.4537 (λ = 780 nm). The lower panel shows that for an optical fibre with core
radius 2.2 µm (ncore = 1.4595, nclad = 1.4537, λ = 780 nm) only the HE11 mode can
propagate.
3.3 Guiding the fundamental mode in an ONF
Optical fibre can be designed to carry either one single mode of light (the fun-
damental mode) or multiple modes. To utilise a subwavelength optical fibre
waveguide in a cold atom experiment, it should either operate efficiently as a
single-mode device, or be designed to carry more than one mode through the
pigtails, transition regions and waist, with minimal loss. Although the design of
few-mode optical nanofibres has been demonstrated recently [?] in the Quantum
Optics Laboratory, it is not trivial. For the work discussed in this thesis, only
single mode ONFs were fabricated.
A characteristic of SMFs is that the transverse intensity profile at the fibre output
has a fixed shape that is independent of the launch conditions and the spatial
properties of the injected light, assuming that no cladding modes can carry sub-
stantial power to the fibre end. The launch conditions only influence the efficiency
with which light can be coupled into the guided mode. This characteristic is im-
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portant for (a) fluorescence coupling from atoms as the only parameters concerned
are those associated with coupling efficiency between the atoms and waist, and
(b) absorption studies of surrounding samples because the spatial extent and
intensity of the evanescent field is critical.
Single-mode fibres are designed such that they support only a single propagation
mode per polarization direction for a given wavelength. For most of the work pre-
sented in this thesis, the ONFs used were fabricated to satisfy this criterion. For
step-index fibres (in this work, this includes both standard fibre (core-cladding)
and tapered fibre (core-vacuum)), the condition for single-mode guidance can
be formulated using the V -number, which can be calculated from the freespace
wavelength, the core radius a, and the numerical aperture (NA) [?]:
V =
k0a
√
n2core − n2clad
2 =
2pia
λ
NA, (3.3)
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Figure 3.3: A plot of the propagation constant, β (normalized to k0) against V -number
for an optical fibre with cladding and core refractive indices as 1.4537 and 1.4595,
respectively. The small ∆n implies that the weak guidance condition is fulfilled and the
modes are described as linearly polarised (LP). The dashed, vertical line indicates the
boundary between single- and multi-mode guidance in the waveguide (V = 2.405).
where k0 is the freespace wavenumber (2pi/λ). Thus, SMFs usually have a rel-
atively small core (with a diameter of only a few µm and a mode radius of a
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few µm) and a small refractive index difference, ∆n ≈ 0.006, between core and
cladding. This implies that the NA of the fibre is small (∼0.1) and the paths
of the rays inside the core are almost straight along the fibre axis (the zˆ-direc-
tion). Consequently, all the guided modes can be approximated as nearly TEM
(transverse electric and magnetic) modes [?], since the zˆ-components of the E and
H fields are negligible compared to the transverse components [?]. The modes
resulting from this approximation are, therefore, called linearly polarised (LP)
modes, since the fields are polarised transverse to the direction of propagation.
Figure ?? is a plot of propagation constant against V -number for optical fibre
with ∆n ≈ 0.006. The step-profile, circular cross-section fibre used in the fol-
lowing experiments is single-mode when V ≤ 2.405. In this case, only the two
polarised states of the fundamental mode can propagate.
In the case of an optical nanofibre, the weakly guiding condition no longer holds
since ∆n is much larger than for a standard fibre: NAONF =
√
n2core − n2clad =√
n2ONF − n2vacuum = 1.055. This causes the true fibre modes to separate out. A
comparison of the modes in a standard core-clad fibre and those in an ONF is
shown in Figs. ?? and ??. Both plots show propagation constant against V -
number. A considerably larger separation occurs between modes within the same
group when compared to the standard fibre case.
As shown by Figure ??, the single mode condition V = 2.405 generates a single-
mode fibre diameter for the ONF of 566 nm using Equation ??. Further, the
single mode condition can be reached for any wavelength λ if the radius of the
ONF is small enough to allow only the fundamental mode to propagate – see
Figure ??.
The V -number equation indicates that, in the case of this work, the only param-
eter we can control to ensure single-mode propagation in the ONF is the ONF
diameter. In Chapter 8, the concept of customizing the taper shape for intro-
ducing few-mode propagation in the waist will be discussed. The work in this
thesis is based on single mode propagation unless specified otherwise. Further,
the evanescent field which exists outside a subwavelength tapered fibre has not
yet been discussed here. For the following three chapters, fluorescence coupling
is the primary concern. Absorption spectroscopy experiments are presented in
Chapter 8 and evanescent field properties will be highlighted there.
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Figure 3.4: A plot of the propagation constant, β (normalized to k0) against V -number
for an optical nanofibre (or microfibre for V -numbers above ≈4.5 with a fixed λ of 780
nm) with cladding (vacuum) and core refractive indices as 1 and 1.4595, respectively.
The weak guidance condition is not applicable here as ∆n is large. Thus, the LP modes
separate out to reveal the exact modes. The dashed, vertical line indicates the boundary
between single- and multi-mode guidance in the waveguide (V = 2.405).
3.4 Fabricating ONFs with a fibre-pulling rig
Many variations of fibre pulling rig exist for different applications, for example,
the CO2 laser heater [?], the micro-furnace [?], electro-furnace [?] and the flame
[?]. Each of these has their advantages and disadvantages; for example, there
is an inverse square relationship between diameter and heating for a CO2 laser
heat source, while for a flame or furnace heat source there is simply an inverse
relationship between heating and radius. This ultimately places a stricter limit on
the minimum taper diameter attainable for a given CO2 laser power as compared
with a flame heat source.
The Quantum Optics pulling rig was developed over a number of years within the
QOG by several students and researchers. Figures ?? and ?? show an illustration
and photograph of the rig used. The fibre clamps are fixed to the top of steel
posts which are, in turn, secured inside a pair of post-holders. The post-holders
are fixed to the stepper motor stages (Standa). The stages are controlled by a PC
via a USB port and have a stepping resolution of 1 µm. A pair of parallel, low-
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Figure 3.5: Plot of ONF radius against wavelength of light for the single mode con-
dition V = 2.405. The top region of the graph represents the few- and multi-mode
regime of propagation while the bottom portion is exclusively single-mode propagation.
The gridlines on the low left meet on the single mode line (V = 2.405) where λ = 780
nm ⇒ aSM = 283 nm. It is assumed that the refractive index is constant through this
range.
friction rails are slotted through the clamp-post assembly. Grub bolts are used
to fix the positions of the clamp-assembly on the rails to facilitate transportation
of the ONF out of the rig once the fabrication is complete.
A hydrocarbon flame (oxygen and butane) is used to heat the fibre during stretch-
ing. Using flow controllers (Burkert S/N1000 for oxygen and Brooks Instrument
0151E for butane) the stoichiometric burning ratio of 13:2 is maintained. If the
mixture is oxygen-starved, the flame has a yellow colour - this indicates that the
flame temperature is not sufficient to burn all the hydrocarbons present and these
deposit on the fibre surface as soot. The flame will burn blue when enough oxygen
is present to completely burn off all the hydrocarbons. This prevents soot being
deposited on the fibre surface and produces a suitable flame temperature. The
temperature required to soften the fibre glass is 1300◦C. The oxygen and butane
are premixed in the torch head before burning at the nozzle. The flow rate of the
gases must be kept to a minimum otherwise the pressure will push upwards on
the fibre causing it to bend especially at low waist diameters. The nozzle has a
rectangular slot 10 mm × 2 mm which creates a hot zone of about 1.2 cm long
on the fibre. A tapered fibre with a diameter of 1 µm can be made with a pull
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length of around 18 mm using this system.
Enclosure Oxy-butane 
flame PD 
Scope 
Motor Motor 
Spool 
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Fibre clamp 
C4H10 
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Optical fibre 
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Figure 3.6: Illustration of the fibre pulling rig. A flow-controlled oxygen-butane flame
heats a portion of buffer-stripped optical fibre while two stepper motors stretch the fibre
apart. A photodiode (PD) monitors the transmission of an optical signal through the
fibre during stretching. The motor motion is controlled via a LabVIEW program. The
rig is contained within an enclosure to minimise air currents and airbourne dust near
the fibre. The spool of fibre – positioned after the ONF and before the PD – serves to
irradicate any cladding modes that may exist after the tapered regions of the tapered
fibre.
To create a tapered fibre, the optical fibre is stripped of its buffer layer (usually a
length of about 1 cm is stripped) and cleaned before being clamped between the
two motorised pulling stages. The clamps (Fujikura, FH-100-250) hold the fibre
taut and prevent slippage during stretching. The stages are fixed to a sliding
platform so that the clamped fibre can be slid into position over the oxy-butane
flame. A computer program5 is then used to move the stages apart a particular
distance at a specified speed. Typically, pull speeds of ∼0.01 mm/s are used for
pull lengths of ∼28 mm to achieve submicron taper waists. After the tapering
process, the clamps can be bolted to the rails to stop any further motion of
the stages. The posts with the clamps attached can be removed from the post
holders, leaving the ONF intact. With additional mechanical stages, the ONF
can be placed under a microscope or glued to a u-shaped mount for installation
in UHV. The mount used in this work is 90 mm in length which sets an upper
limit on the length of taper.
5This program is supplied with the stepper motors.
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Figure 3.7: Photograph of the clamp-post-stage assembly for the rig. Grub screws
in the clamp-post assembly are loosened for the ONF fabrication process but can be
tightened to fix the positions of the clamps along the rails and then transport the ONF
to a microscope or experimental setup. (Image courtesy of Dr. Jonathan Ward.)
(a) (b) (c) 
Ø 290.2 nm 
Ø 148.6 nm 
Figure 3.8: SEM images of a selection of tapered fibres. (a) An ONF with waist
diameter of 290 nm. The pattern visible on the surface is due to the sputtered gold layer
on the fibre (zoom section). (b) Small irregularities on the fibre surface are present after
removing the fibre from the vacuum chamber. This may be attributed to adhesion of
moisture and rubidium. (c) An ONF with a waist diameter of 148 nm.
The diameter of the ONF can be estimated with a microscope or with scanning
electron microscopy (SEM). Figure ?? shows SEM images of three tapered fibres.
In Figure 3.8(a), the ONF has a waist diameter of 290 nm. The pattern on the
fibre surface is due to the layer of gold which is sputtered on the fibre before being
placed in the SEM (see inset). This is irreversible which means that the ONF
cannot be used in the cold atom experiment after the SEM. It has been observed
that after removing the fibre from vacuum, small irregularities on the fibre surface
are present. This may be attributed to adhesion of moisture during the vacuum
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break and adhesion of rubidium due to the attractive van der Waals surface
interaction. The panel on the right shows an ONF with a waist diameter of 148
nm. At such small diameters, the device is quite delicate. Though SEM imaging
is destructive for the ONF, it does enable calibration with a ×100 objective
microscope with a graduated scale, facilitating the measurement of fibre waists
by optical means with an accuracy of ±0.1 µm.
3.5 Minimising transmission loss
The process of tapering an optical fibre can lead to transmission loss in a number
of different ways. The transition regions may allow the light to couple to higher
modes which do not exist in the waist or pigtails and, therefore, cannot propagate
from the ONF onto a detector. The ONF must be fabricated in a clean environ-
ment as the presence of dust and impurities on the surface of the narrower regions
can couple power out of the evanescent field. Additionally, because such high cir-
culation intensities of light exist around an ONF, surface deposits can provide a
sink for radiated heat. In UHV this can allow a small point on the waist region
to reach temperatures above the softening point of the glass and the fibre will
tend to break. This effect has been observed when the input optical power was
as low as 300 µW. Transmission loss can also happen over a long period of time.
Work by Fujiwara et al. [?] indicated that fractures and fissures can develop on
the surface of the tapered fibre over time due to external strains and stresses on
the structure. These effects are minimised when the ONF is mounted vertically,
but often the process of threading the Teflon ferrule on to the pigtails, tightening
the Swagelok nut and pumping the chamber down can be quite damaging. While
some of these issues can be solved just by being dexterous, a clean room is not
always available in which to fabricate tapered fibres. Fortunately, the most criti-
cal factor can be controlled: the transition regions can be made adiabatic during
fabrication.
A tapered fibre is adiabatic if the taper angle is small enough at each point that
the power lost from the fundamental mode is negligible [?, ?]. This implies that,
with a smooth transition gradient, a long tapered fibre can be made with very
little loss. However, a short fibre is desirable as it is more rigid and is, therefore,
experimentally easier to handle and less susceptible to environmental conditions
such as vibrational effects from air currents.
By monitoring the transmission of light through the ONF during fabrication,
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the adiabaticity of the transition regions can be gauged. Figure ?? shows a
plot of ONF transmission while it is being heated and stretched. The features
which occur between 50 and 100 seconds are indicative of mode beating - modes
which begin to propagate via the cladding interfere with modes guided in the
core of the tapered fibre. When this interference disappears, the waveguide has
returned to single-mode behaviour. The presence of mode beating can be avoided
by keeping the ONF as straight as possible. Figure ?? shows the decrease of
ONF transmission over a long timespan. After approximately 47 minutes (2800
seconds) of steady decrease the transmission suffers a large drop to less than 20%.
This may be attributed to dust landing on the ONF surface or the development
of cracks and fissures in the waveguide [?] due to air currents and gravitational
sag. Thus, the ONF must be installed in UHV in a vertical orientation as quickly
as practicable.
The taper shape can be controlled using the flame-brushing technique while
stretching the fibre [?, ?]. In fact, flame brushing also allows complete rig calibra-
tion to be achieved [?]. For a fibre pulling rig with a pair of linear stepper motors
and a stationary flame, the shape of the tapered fibre can be approximated by:
2af = 2a0e−z/Lhot , (3.4)
where 2a0 is the diameter of the untapered fibre, z is the position along the fibre
and Lhot is the length of the hot zone of the flame. Thus, it is assumed that all
tapers in this thesis have exponential taper profiles.
3.6 Installing an ONF in UHV for use with cold
85Rb
The ONF must be positioned centrally in the chamber on a rigid support which
allows unrestricted beam access. A solid, aluminium base and u-shaped mount
were designed to secure the ONF in place and facilitate coupling to and from
UHV. These are illustrated in Figures ?? and ??. In preparing these compo-
nents, UHV procedures are adhered to. In advance of fabricating the ONF, the
entire fibre is swabbed with acetone. The fibre feedthrough flange, cylindrical
base, mount, grub screws and M3 bolts are all cleaned in an ultrasonic bath and
are stored in aluminium foil when not in use. During the gluing and mounting
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Figure 3.9: Plot of ONF transmission during the course of approximately 200 seconds.
Inset graph shows a zoom in of the mode beating during the initial tapering.
Figure 3.10: Plot of ONF transmission during the course of 50 minutes.
process, rubber gloves are worn. This prevents dirt/grease being transferred to
the components when they are being handled.
After the ONF has been fabricated in the rig, the friction locks for the sliding rails
are tightened so that the clamps and fibre can be removed from the rig and moved
to a separate optical bench. The mount is fixed to a mechanical translation stage
with a steel post and an M3 grub screw. The mount is positioned between the
fibre clamps and carefully brought within a mm of the ONF while also ensuring
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that the notches are at the narrowest region of the taper. Using UHV compatible
glue which must be cured with UV light, the ONF is finally fixed to the mount
ends. The mount is detached from the translation stage and slotted in to the
cylindrical base. Here, a grub screw is tightened against the stub of the mount
- as the mount is very light compared to the base, this single contact point is
sufficient to stabilise the structure. The combined base and mount is fixed to the
vacuum flange (which already has a copper gasket in place) with two long M3
bolts. At this point, the Teflon ferrule and Swagelok nut are threaded onto the
pigtails. The nut is finger tightened temporarily. The structure is inserted from
the bottom or top of the MOT chamber. The flange is rotated to ensure that
the mount is at an angle of 45◦ to the front window to allow MOT beam access.
The flange is bolted to the octagonal chamber in the normal manner. Finally,
the Swagelok nut is tightened around the teflon ferrule.
M3 bolts 
Side view (1) Side view (2) 
(M3 slots not shown) 
Rear pigtail tunnel 
M3 slots 
Rear pigtail 
tunnel 
Primary pigtail tunnel 
Top view 
U-mount 
stub slot 
Grub screw to lock 
u-mount in place 
M3 M3 U-mount 
stub slot 
Bottom view 
M3 M3 
Rear pigtail 
tunnel 
Figure 3.11: Illustration of the aluminium cylinder used in the ONF mounting system.
The top of the cylinder has a slot into which the mount fits (see Figure ??). A tunnel
runs through the cylinder to bring the pigtails out of the vacuum chamber - a sloped
tunnel joins with this to bring the rear pigtail to the centre of the cylinder. A pair of
M3-sized slots allow the cylinder to be secured to the vacuum flange.
The ONF fabricated by the rig must satisfy the following conditions in order to
be used effectively in a cloud of cold 85Rb:
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Figure 3.12: Three perspectives of the ONF mounting system. The aluminium mount
is secured to the cylindrical base by tightening a grub screw against the mount stub.
The front pigtail is threaded through the primary pigtail tunnel while the rear pigtail is
brought through the sloped rear tunnel to join the primary tunnel. The tunnel aligns di-
rectly with the fibre feedthrough, Teflon ferrule and Swagelok nut. Notches are engraved
into the side of the mount to help in identifying where the ONF should be positioned
during the gluing stage and during cloud-ONF alignment. A threaded M3 hole is posi-
tioned near the notches to allow the entire mount to be fixed to a mechanical translation
stage for gluing.
41
• To demonstrate ONF absorption with low input powers, the diameter
should be significantly subwavelength in order to maximise the spatial ex-
tent of the evanescent field.
• The ONF diameter should be less than the maximum single-mode diameter
to avoid loss due to higher mode coupling, i.e. Df < DSMF = 566 nm using
V = 2.405;
• For maximum fluorescence coupling, the ONF radius should fulfill the con-
dition k0a = 1.45.
Thus, the primary condition of k0a = 1.45 yields an optimum diameter for 85Rb
of 180 nm × 2 = 360 nm. Additionally, the length of the waist region should be
sufficient to allow overlap with the cloud atom cloud. This turns out not to be a
problem with the rig used in this work as, in general, long tapers are generated
by default as a result of the chosen stretching parameters.
3.7 Conclusion
This chapter has described the theory and fabrication of the ONF. By solving the
transendental equation for β, the propagation constant, the waveguiding prop-
erties of either a standard core-clad fibre or an ONF can be determined. In a
standard fibre, the change in refractive index between the core and cladding is
small and the weakly guiding condition holds. Thus, the linearly polarised mode
approximation can be used. In an ONF, these linearly polarised modes become
separated as the change in refractive index between the ONF glass (cladding
glass) and the environment is large. The fundamental guided mode in an ONF
is then the HE11 mode and higher modes such as TE01, TM01 and HE21 are
discussed in Chapter 8. To ensure single-mode-guidance in ONFs, the diameter
must fall below the cut-off for that wavelength. In 85Rb (780 nm), the cut-off
diameter, aSMF is approximately 566 nm as calculated with the V -number. The
ONFs in this work are created using a home-made fibre pulling rig. The rig uses
an oxygen-butane torch to melt the fibre glass while it is stretched apart using a
pair of stepper motors. ONF transmission is monitored during stretching to en-
sure the transition regions maintain adiabaticity. SEM can be used to determine
the diameter of the ONF. Typically, ONF transmissions of >70% can be achieved
for ONF diameters of as low as ∼150 nm. The challenging aspect of utilising the
ONF is installing it in UHV for use with a cloud of atoms. A custom-designed
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aluminium mount and cylindrical holder were fabricated to secure and position
the ONF in UHV for long-term operation with the MOT. A Teflon ferrule is used
with a Swagelok, fibre-feedthrough vacuum flange to couple the ONF pigtails out
of the vacuum chamber without disrupting the quality of the vacuum.
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Chapter 4
Theoretical studies of surface
interactions for cold atoms near
an optical nanofibre1
In this chapter, the lineshape of the fluorescence emitted by a cloud of opti-
cally excited, cold atoms coupled to an optical nanofibre is analyzed. There has
been growing interest in the past decade in analysing the interaction between
optically excited cold atoms and dielectric nanobodies. In fact, this problem is
critical for developing schemes for an exchange of quantum information between
single atoms, photons, and nanobodies [?, ?]. The spectral dependence of the
fluorescence intensity coupled into the dielectric nanobody may yield information
about the interaction strength between the atoms and the nanobody surface.
Specifically, this refers to the van der Waals and Casimir-Polder interactions [?].
Investigation of these potentials is of particular significance for developing tech-
niques for trapping cold atoms around optical nanofibres [?, ?, ?]. For example,
the studies presented here examine the interaction between a planar surface and
an atom - an interaction which is siginificant for any waveguide structure used in
atom chip work [?, ?]. Recent work [?] studies precisely the interaction between
an ONF and a sample of 85Rb atoms. One important aspect of such an interaction
is the resultant modification of the spontaneous emission rate of atoms located
near nanobodies such as nano- and microfibres [?, ?, ?], nano- and microspheres
[?, ?], and nano- and microdisks [?]. Fluorescence radiation emitted by excited
1This work can be found in [?] - Russell, L., Gleeson, D. A., Minogin, V. G. and Nic
Chormaic, S. Spectral distribution of atomic fluorescence coupled into an optical nanofibre.
Journal of Physics B: Atomic, Molecular and Optical Physics 42, 185006 (2009).
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atoms located near the nanobody and, subsequently, coupled into the nanobody
should be considered in the context of entanglement between spatially separated
atoms [?, ?, ?]. The lineshape of the fluorescence coupled into an optical nanofibre
is generally influenced by both the van der Waals and Casimir-Polder redshifts
and both effects must be considered for a complete evaluation.
The ability to fabricate optical nanofibres [?, ?] has facilitated the growth of
experimental studies into atom & nanofibre systems. Recent experimental obser-
vations have shown that, in these systems, the fluorescence excitation spectrum
may exhibit either a well-pronounced, long tail at red detunings [?] or an asym-
metry with a broadened red wing of the spectral line [?]. In [?], the long red tail
of the spectrum was originally assigned to transitions between bound states of
atoms in the van der Waals potential, and this was corroborated by theoretical
studies [?, ?]. However, in later work [?], it was highlighted that the long red
tail was only observed when no specific measures were taken to clean the surface
of the ONF prior to data acquisition. Subsequently, on cleaning the surface by
ultra-violet light, the spectrum exhibited a well-pronounced asymmetry of the
spectral line with a prevailing red side, rather than the previously reported and
theoretically predicted long red tail [?, ?].
The above observations clearly show that atom interactions with the surface of
an ONF may depend strongly on the degree of cleanliness of the fibre surface. In
terms of experimentally producing an ONF, a clean environment is paramount
to ensuring the surface remains free of dust, moisture and surfactants which may
compromise its transmission [?]2. Here, for experiments on atom-fibre interac-
tions, the contributions of basic physical mechanisms to the asymmetry of the
fluorescence spectrum are evaluated, rather than the effects of a dirty surface. For
clean surfaces, such basic mechanisms include the van der Waals and Casimir-
Polder interactions.
The van der Waals interaction can be understood by imagining a single neutral
atom placed in a vacuum. The presence of vacuum fluctuations induce a polar-
ization of the atom’s otherwise symmetric charge distribution. If a second atom
is nearby this first atom, the second atom experiences a polarisation in sync with
the polarization of the first atom. The Casimir-Polder force is a manifestation
of the same effect except for the case when there is large separation between the
two atoms. Thus, it is termed a ‘retarded’ effect due to the finite speed of light.
The contribution of the van der Waals interaction to the redshift of the spectral
2A clean environment, ideally, is a clean room with humidity control etc.
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line has already been observed in the selective-reflection spectroscopy of caesium
vapour located near a dielectric surface [?], for example.
The purpose of this work is to show that, alongside the previously considered
scenario whereby the fluorescence lineshape asymmetry is caused by the bound-to-
bound transitions between the ground and excited state van der Waals potentials,
another possible cause of the asymmetry may be an inhomogeneous broadening
of the spectral line. This broadening arises from direct contributions of the van
der Waals shift to the shape of the spectral line produced by a spatially extended
ensemble of cold atoms. For completeness, the contribution of the Casimir-Polder
redshift to the spectral dependence of the coupled fluorescent light is considered
and, under realistic experimental conditions, it is shown that the Casimir-Polder
contribution to the shape of the spectral line may be negligible.
In what follows, the coupling of light emitted by 85Rb and 133Cs cold atomic clouds
- two atoms which are widely used in laser cooling experiments - is analysed.
Specifically, the fluorescence spectrum emitted by optically-excited atoms into
the fundamental guided mode of an optical nanofibre is evaluated. Results from
our study show that, for typical radii of optical nanofibres in the range from 200
to 600 nm and atomic clouds that are tightly confined around the nanofibre, the
fluorescence excitation spectrum exhibits a well-pronounced asymmetry with red-
side broadening caused by the van der Waals redshifts and a shifting of the peak
position to the red side of the spectrum. The inclusion of the Casimir–Polder
effect has minimal influence on the asymmetry of the lineshape, but reduces the
redshift of the peak position slightly.
4.1 Power of fluorescence coupled into the fibre
Consider a collection of cold, two-level atoms in the vicinity of an optical nanofibre
as shown in Figure ??. The atoms are excited by a laser field near-resonant
to the atomic dipole transition and they emit fluorescent light, which partially
propagates into the guided modes of the fibre. Consider the case where the
frequency of the fluorescent light is below the cut-off frequencies of all modes apart
from the fundamental, HE11, mode, so that the fluorescent light can only ever
propagate in the fundamental mode. The lower state of the atom is considered
to be the ground state and we assume that the upper state can only decay to the
ground state.
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Figure 4.1: Conceptual diagram of the setup with an optical nanofibre surrounded by
an atom cloud, optically excited by near-resonant laser light.
Figure 4.2: An atom (A) at a position (r, φ) from the central axis, z, of an optical
nanofibre with radius a. The atom is excited by laser light (LL). Due to the axial sym-
metry of the waveguide we use cylindrical coordinates (r, φ, z). The refractive indices
of the environment and waveguide are given by nclad and ncore, respectively.
For a single, motionless, two-level atom placed near the optical nanofibre and
excited by an external laser field near-resonant to the dipole optical transition
(see Figure ??) the probability of finding the atom in the upper excited state is
pe =
1
2
Ω2
(ω − ω0)2 + γ2 + Ω2 , (4.1)
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where Ω = dE0/2h¯ is the Rabi frequency defined by the atomic dipole matrix
element, d, and amplitude, E0, of the exciting laser field, ω is the frequency of the
laser light, ω0 is the position-dependent atomic transition frequency, and γ is half
the position-dependent total spontaneous decay rate, Wsp = 2γ. In the case we
are considering, the spontaneous decay rate is made up of the position-dependent
decay rate, γ(g), into the guided modes of the fibre and the position-dependent
decay rate, γ(r), into the radiation modes of the fibre, such that
Wsp = 2γ = 2γ(g) + 2γ(r). (4.2)
For a single atom the probability of spontaneous photon emission into a guided
mode of the fibre per unit time is proportional to the population, pe, of the excited
atomic state and the rate of spontaneous emission, 2γ(g), into the guided mode,
W (r) = 2γ(g)(r)pe(r) =
γ(g)(r)Ω2
(ω − ω0(r))2 + γ2(r) + Ω2 . (4.3)
In the above equation we explicitly show that the atomic transition frequency
and the spontaneous emission rates are functions of the atom’s position, r. For
an ensemble of motionless, two-level atoms distributed near the fibre with density
n (r), the light power coupled into the fundamental guided mode is accordingly
defined by the volume integral [?]
P = h¯ω
∫ γ(g) (r) Ω2
(ω − ω0(r))2 + γ2(r) + Ω2n (r) dV. (4.4)
Hence, the power coupled into the optical fibre depends on the shape of the atomic
cloud and its position with respect to the axis of the fibre. In the laboratory,
usually just one pigtail of the fibre is connected to a detector and so a maximum
of P/2 is detected.
In the following, we consider the case of weak optical saturation and neglect the
Rabi frequency in the denominator of the excitation probability. We also neglect
the short-range repulsive part of the surface potential that can influence a small
fraction of the atomic ensemble and may produce a minor contribution to the
shape of the spectral line. In its general form, the atomic transition frequency
can be written as
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ω0 (r) = ω00 − δω (r) , (4.5)
where ω00 is the unperturbed transition frequency and δω (r) represents the shift
that depends on the distance between the atom and the dielectric surface of the
fibre (r−a). At small distances δω (r) is defined by the van der Waals interaction
and can be evaluated from [?, ?, ?, ?]
δωvdW (r) =
C3
(r − a)3 , (4.6)
where C3 is the van der Waals constant for the atomic transition. At large
distances, the shift originates from the Casimir-Polder potential and can be eval-
uated as
δωCP (r) =
C4
(r − a)4 , (4.7)
where the Casimir-Polder constant is given by
C4 =
3γ0
8pi
− 1
+ 1
(
λ
2pi
)4
φ () . (4.8)
In the above equations, γ0 is half the natural linewidth for the free atom,  is
the static relative permittivity of the fibre material and φ () is a slowly varying
function close to unity, 0.77 ≤ φ () ≤ 1. The explicit structure of the function
φ () can be found in [?].
For a typical dipole transition where the wavelength, λ, lies in the visible to the
near-infrared region, the border between the van der Waals and Casimir-Polder
interactions usually occurs at a distance from the surface of r − a ' λ/10 '50-
80 nm. Van der Waals attractions primarily contribute at distances very close
to the surface, i.e. at r − a ≤ λ/10. At larger distances, i.e. r − a ≥ λ/10,
the Casimir-Polder interaction replaces the van der Waals potential and must be
included in calculations. For illustrative purposes and in order to describe the
shift for both short- and long-range distances, as well as intermediate distances,
we adopt a simple equation such that
δω (r) = C4
(r − a)3 (C4/C3 + r − a)
, (4.9)
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which gives a unified description of the shift over all distances. At small distances,
Equation ?? reduces to the van der Waals equation while at larger distances it
reduces to the Casimir-Polder equation. One can show, by numerical evaluation,
that Equation ?? reproduces the transition between van der Waals- and Casimir-
Polder-dominant regions very well. For the numerical calculations which follow in
Section 4.2, Equation ?? has not been explicitly used. Instead, either Equation ??
or Equation ?? has been used as the expression δω(r) in Equation ?? depending
on the integration limits. For example, when r − a ≤ λ/10, δω(r) = δωvdW
and when r − a > λ/10, δω(r) = δωCP . In the case where only the van der
Waals contribution is considered, δω(r) = δωvdW is used in Equation ?? from
r = a→∞.
Finally, the power of the fluorescent light coupled into the guided fibre mode at
weak optical saturation can be written as
P = h¯ω
∫ γ(g) (r) Ω2
[ω − ω00 + δω (r)]2 + γ2(r)
n (r) dV. (4.10)
A numerical evaluation of the integral defined by Equation ?? is given in the
next section. Before presenting the numerical results, we will briefly discuss the
spatial selectivity of the surface interactions and present numerical values of their
corresponding redshifts.
Let us assume, for simplicity, that the ensemble of cold, two-level atoms placed
around the ONF is spatially broad. In principle, every atom could be excited
by the laser field and, subsequently, would be able to emit fluorescent light.
However, the resonance condition restricts the spatial position of atoms which
can, in reality, emit fluorescence. According to Equations 4.6 and ??, for the
case of the van der Waals interaction, the atoms are essentially excited at a mean
radial position, rvdW, given by
rvdW ' a+ 3
√
C3
ω00 − ω
(4.11)
occupying a cylindrical shell coaxially positioned around the optical fibre as shown
in Figure ??. In a similar way, when the resonance condition is satisfied at long
distances, the Casimir-Polder interaction is responsible for the excitation of atoms
in a cylindrical shell with mean radial position, rCP, given by
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Figure 4.3: Position-dependent optical absorption line. The shaded area indicates the
position of the cylindrical shell containing the excited atoms.
rCP ' a+ λ2pi
4
√
3γ0
8pi (ω00 − ω)
. (4.12)
The spatial width, δr, of the cylindrical shell containing excited atoms is defined
by a position-dependent frequency width, 2γ(r), of an optical resonance. Assum-
ing that at the edges of the shell the probability of atomic excitation is half that
at the centre of the shell, one can evaluate the radii of the shell edges, r1 and r2,
as roots of the equations
ω0 (r1,2) ' ω0 (r)∓ γ(r1,2). (4.13)
Hence, the spatial width of the cylindrical shell containing excited atoms is given
by δr = r2 − r1. It can be easily shown that when the average frequency shift
ω00−ω0(r) exceeds the natural linewidth γ(r) the spatial width of the shell is small
compared to the shell radii, i.e. δr << r1,2, and can be evaluated by neglecting
small variations in the spontaneous emission rate inside the shell, i.e. making
the approximation γ(r1,2) ' γ(r) ' γ0. For the van der Waals interaction this
simplification results in an estimate of the spatial width of the shell that is given
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by
δrvdW ' 2(rvdW − a)
4γ0
3C3g
. (4.14)
For the case of the Casimir-Polder interaction, the above simplification yields a
characteristic width
δrCP ' 2λ3
(
2pi(rCP − a)
λ
)5
. (4.15)
The total power of the fluorescent light exciting the guided fibre mode is propor-
tional to the volume, V , of the cylindrical shell with inner radius, r1, and outer
radius, r2, i.e. the volume V = pi (r22 − r21) l ' 2pirδrl, where l is the spatial exten-
sion of the atomic ensemble along the fibre. Hence, the power of the fluorescent
light coupled into the guided mode can be evaluated with
P = 2pih¯ωγ(g) (r) Ω
2
γ2(r)n(r)rδrl. (4.16)
For the van der Waals and Casimir-Polder interactions, the mean radius and
width of the shell containing excited atoms can be estimated from Equations
(??), (??), (??), and (??).
Table 4.1: Position and width of the cylindrical shell containing excited two-level
atoms for van der Waals and Casimir-Polder interactions.
ω ω00 − 2γ0 ω00 − 3γ0 ω00 − 4γ0
rvdW − a (nm) 74 64 58
δrvdW (nm) 29 16 10
rCP − a (nm) 64 57 53
δrCP (nm) 17 11 7
Numerical values of the mean radii and widths of the shells for the van der Waals
and Casimir-Polder interactions for typical optical dipole transition parameters
are given in Table ??. The data has been calculated for a value of the van der
Waals constant, C3g = 2pi · 2kHz(µm)3, a wavelength, λ = 800 nm, and for three
values of the laser field frequency, ω = ω00 − nγ0, with n = 2, 3, 4 and 2γ0 = 2pi · 5
MHz chosen as a typical value of the natural linewidth for the optical dipole
transition. The values shown in Table ?? indicate clearly that, for a typical
dipole transition, the evaluations give very similar average regions of extent for
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both the van der Waals and Casimir-Polder interactions. This implies that the
Casimir-Polder contribution to the spectral lineshape is expected to be small
when compared to that from the van der Waals interaction. In other words, the
Casimir-Polder potential should yield a contribution comparable to that of the
van der Waals potential only at such small distances where, physically, the van
der Waals interaction exists.
4.2 Numerical evaluations
In Equation ?? there are two unknown quantities: the spontaneous emission
rate into the guided mode and the spontaneous emission rate into the radiation
modes. Of these two quantities, the more important for our analysis is the rate
of spontaneous emission into the guided mode. This quantity varies sharply near
the surface of the fibre and, therefore, strongly influences the rate of coupling
of spontaneously emitted light into the fibre. The rate of spontaneous emission
into the radiation modes changes weakly near the fibre, keeping its value approxi-
mately equal to the rate of spontaneous emission into free space. In the following
analysis we will neglect the weak spatial dependence of the spontaneous emission
rate into the radiation modes and consider only the position dependence of the
spontaneous emission rate into the guided mode.
A complete evaluation of the spatial distribution of the evanescent light field of a
fundamental guided mode and the spontaneous emission rate into the fundamen-
tal guided mode of an optical fibre is presented in Appendix A. Figure ?? shows
the dependence of the spontaneous decay rate for a two-level atom as a function of
distance between the atom and the optical nanofibre surface calculated according
to Equation ??.
The fluorescence emission line spectrum for 85Rb and 133Cs atoms can now be
estimated. We assume the atoms emit fluorescence light into an optical fibre
made of fused silica, with permittivity, ε = 2.1. The Rb atoms are assumed to
be excited at the 5S-5P optical dipole transition, with a wavelength of 780 nm
and a spontaneous decay rate of 2γ0 = 2pi· 6 MHz [?, ?] from the upper 5P state
into free space. For this optical transition in Rb, the van der Waals constant is
evaluated as C3g = 2pi ·3 kHz(µm)3 [?, ?, ?]. Cs atoms are assumed to be excited
at the 6S-6P optical transition with a wavelength of 852 nm and a spontaneous
decay rate of 2γ0 = 2pi· 5.2 MHz [?] from the upper 6P state into free space. The
van der Waals constant for this optical transition in the Cs atom is C3g = 2pi ·1.56
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Figure 4.4: Normalized spontaneous decay rate of a two-level atom into the funda-
mental guided mode HE11 as a function of distance between the atom and the axis of
the optical nanofibre with radius a = 200 nm.
kHz(µm)3 [?, ?, ?]. For both optical transitions, with relatively close wavelengths,
the refractive index of the fibre is chosen to be ncore = 1.45 and the refractive
index of the outside medium is nclad = 1.
We assume that the cold atoms are distributed in a spherically symmetric cloud of
radius R centred symmetrically on the longitudinal axis of an optical nanofibre
with radius a. The cloud has no atoms inside the cylindrical region occupied
by the fibre, but in the region outside the fibre the cloud is assumed to have a
Gaussian density distribution described with cylindrical coordinates, n(z, r, φ),
as follows:
n(z, r) = N
pi
√
piR3
exp
[
a2 − r2 − z2
R2
]
, (4.17)
where N is the total number of atoms and is given by
N = 2pi
∫
n(r)rdrdz. (4.18)
It is worth noting here that, for the shape of atom cloud that we consider, i.e. a
cloud with an empty internal volume, one can expect an increase in the strength
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of the surface effects due to the increased ratio of the surface area to the cloud
volume.
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Figure 4.5: Frequency-dependence of the fluorescence power from an atom cloud cou-
pled into the optical nanofibre in the van der Waals approximation. (a) Rb atoms with
fixed fibre radius a = 200 nm and an atomic cloud radius R = 600 nm, 400 nm, 200 nm
and 150 nm. (b) Cs atoms with fixed cloud radius R = 300 nm and a nanofibre radius
of 200 nm, 300 nm and 350 nm. The solid black line shows the free space lineshape.
All lineshapes are normalized to a maximum value of 1 for ease of comparison.
Figure ?? shows the estimated coupled fluorescence spectrum for rubidium and
caesium atoms, calculated under the assumption that Equation ?? has the same
form as Equation ??, i.e. approximating the potential as the van der Waals shape
only and neglecting the Casimir-Polder potential for the moment. Thus, the term
δω(r) in Equation ?? is given by only in Figure ??. Figure ??(a) demonstrates the
frequency dependence of the lineshape for rubidium atoms as the atom cloud size
varies and the fibre radius is kept constant. As one can see, the asymmetry of the
fluorescence lineshape increases when the radius of the atomic cloud decreases.
In other words, the tighter the cloud around the fibre, the more pronounced the
asymmetry becomes. As the radius of the cloud increases the atoms located
further from the nanofibre are less influenced by the change in the van der Waals
frequency shift and, hence, the shape of the fluorescence spectrum approaches
that of the symmetrical, free space distribution. In Figure ??(b), we present the
reverse situation for caesium atoms, i.e. the atom cloud size is kept constant
while varying the size of the nanofibre. As can be seen, a very similar result
is obtained. As we increase the fibre radius, more of the fluorescing atoms are
close to the fibre surface and, as a result, the van der Waals potential affects a
greater proportion of the total atoms in the cloud, leading to more pronounced
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asymmetry in the lineshape.
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Figure 4.6: Frequency dependence of the fluorescence power from a Cs cloud coupled
into the optical nanofibre for redshift contributions from both the van der Waals and
Casimir-Polder effects. The cloud radius is R = 400 nm and the nanofibre radius is
varied. The solid black line represents the free space lineshape. All lines are normalized
to a maximum value of 1 for ease of comparison.
If we now consider a total surface potential (Equation ??), which describes the van
der Waals potential at short distances and the Casimir-Polder potential at larger
distances, we see that a similar phenomenon is observed (Figure ?? for caesium
atoms). The most pronounced effect occurs when the fibre radius approaches that
of the effective cloud radius. This arises because there is a greater population of
atoms fluorescing near the surface of the fibre under such conditions. In the case
where the fibre radius and cloud radius are equal, the asymmetry is maximally
evident, as shown in Figure ?? for a = 400 nm. Note that the inclusion of the
Casimir-Polder potential at large distances has resulted in a slight reduction of the
redshift of the peak position of the lineshape when compared to that for the van
der Waals interaction alone (Figure ??(b)). However, the overall asymmetry of
the lineshape is still very clear at negative detunings. The reduction of the redshift
can naturally be explained by an increased number of atoms with a reduced
redshift value. In other words, the approximation C4 = 0 slightly overestimates
the value of the spectral line redshift.
This small reduction in the observable redshift due to the inclusion of the Casimir-
Polder effect is evident from the plots in Figure ??. Hence, while the van der
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Waals interaction is clearly the dominant influence on the lineshape, the overall
lineshape should include the contributions from the Casimir-Polder effect in order
to obtain a precise prediction of the fluorescence coupled into a nanofibre. A
comparative investigation of this behaviour for different values of a and R is given
in order to determine under what conditions this change to the lineshape (arising
from the Casimir-Polder effect) can be neglected. Irrespective of the values chosen
for a and R no appreciable difference arises when one includes the Casimir-Polder
effect. In fact, we see that the overall redshift decreases with increasing values
of a and R. For a = R = 200 nm there is a small, but identifiable, difference
between the two spectra as shown in Figure ??(a). For larger values of R with
respect to a (Figures ??(b) and (c)), the difference between the lineshapes reduces
as the spectra approach the freespace lineshape. Even for the case a = R = 600
nm (Figure ??(d)), any difference between the two regimes is unresolvable. One
explanation for this result is that, when a = R, very few atoms experience the
Casimir-Polder interaction because the cloud density has decreased by a factor
of exp ((a+ 0.1λ/)R) in the region where the Casimir-Polder dominance begins.
When R ≥ a the density of atoms has also reduced significantly at the crossover
region, thereby yielding a very small contribution to the lineshape from the distant
atoms.
Note that for ease of comparison, in Figures ??, ?? and ??, all powers coupled into
the nanofibre have been normalised to a maximum value of 1. In reality, there are
large differences in the actual amount of power coupled into nanofibres of different
radii. In Figure ?? we plot the power coupled into a nanofibre as a function of
nanofibre radius and, as expected, the power coupled reduces significantly with
increasing fibre radius for a fixed atom cloud size.
4.3 Conclusion
We have examined the efficiency of coupling the fluorescence emitted from an en-
semble of cold, two-level atoms into an optical nanofibre and we have calculated
the frequency dependence of fluorescence power coupled into the fundamental
guided mode of the optical nanofibre. The coupled fluorescence spectrum was
evaluated by considering the total surface potential that describes the van der
Waals effect at short atom-surface distances and the Casimir-Polder effect at
larger atom-surface distances. These evaluations show that the van der Waals
redshifts may be responsible for a pronounced asymmetry of the coupled fluores-
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Figure 4.7: Frequency dependence of the fluorescence power from a Cs cloud coupled
into the optical nanofibre for different lineshape contributions: van derWaals effect only
(solid, black line), Casimir–Polder + van der Waals (dashed, red line), for different
cloud radii and fibre radii. All lines are normalized to a maximum value of 1 and the
free space lineshape (solid, grey line) is provided for ease of comparison between the
curves.
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Figure 4.8: Power coupled into a nanofibre as a function of fibre radius. The power
shown is the maximum power for each value of the fibre radius. The data were plotted
for a 85Rb cloud with R = 5 mm.
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cence spectrum, whereas the Casimir-Polder redshifts may produce only a slight
asymmetry of the spectrum. Furthermore, the asymmetry is more exaggerated
for atomic ensembles that are tightly confined around the optical nanofibre. Addi-
tionally, the asymmetry of the lineshape increases as the fibre radius is increased
and there is clear evidence of a long red tail. We conclude that, for a correct and
accurate comparison of the experimentally obtained profile of the lineshape with
the theoretical lineshape, one should consider the total surface potential by taking
into account the van der Waals and Casimir-Polder redshifts. This is particularly
important when considering atomic clouds which are tightly confined around the
nanofibre surface [?]. In this work, the fibre was considered to be a flat surface
when seen by the atoms due to the relatively short distances considered. A more
realistic approach is to consider the cylindrical nature of the surface [?]. Earlier
work has shown that the flat surface approach is a reasonable first approximation
[?]. Note also that, if the power coupled into the fibre were monitored at both
ends, quantum correlations between the modes emitted in opposite or equal di-
rections could be studied. Nayak et al. [?] have conducted beautiful experiments
based on this idea with laser-cooled Cs atoms. Using a Hanbury Brown-Twiss
setup, the photon correlation was seen to change from anti-bunching to bunching
as a function of increasing atom number when photons were propagating in the
same direction in the fibre. In contrast, when the photons were detected at oppo-
site ends of the nanofibre, antibunching was always observed. However, for this
type of experiment, the van der Waals and Casimir-Polder effects are negligible
since the photon count rate is the measured quantity rather than the emission
spectrum [?].
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Chapter 5
Fluorescence coupling
experiments with an ONF1
In this chapter, experimental work using the atom and nanofibre system is pre-
sented. The first section outlines the process of coupling the atom cloud to the
ONF and then summarises some typical measurements and quantities concerned
with using a subwavelength waveguide detector embedded in the cloud. The final
two sections in this chapter outline two methods of temperature measurement
using fluorescence coupling.
Figure ?? illustrates the system which is utilised in this chapter: a laser-cooled
cloud of 85Rb atoms surrounding an optical nanofibre. The nanofibre waist can
have a diameter in the range of a few microns down to a few tens of nanometers
- anywhere in this range, there is some probability that the photons emitted
from the surrounding atoms will couple to the waist and propagate in one of
the two directions through the waveguide. This system is placed in an ultra-
high vacuum chamber. The optical nanofibre pigtails are out-coupled from the
chamber (as described in Chapter 3) and connected to a single photon counting
module or a suitable avalanche photodiode detector. Recording the photon count
rate with an SPCM, for example, enables an estimation of cloud temperature [?],
allows calculations of cloud loading times and lifetimes [?] and studies of photon
correlations from the resonance fluorescence of the cold atoms [?, ?].
1Portions of this work can be found in [?] - Russell, L., Deasy, K., Daly, M. J., Morrissey, M.
J. and Nic Chormaic, S. Sub-Doppler temperature measurements of laser-cooled atoms using
optical nanofibres. Measurement Science and Technology 23, 015201 (2012); and [?]: Russell,
L., Kumar, R., Tiwari, V. B. and Nic Chormaic, S. Measurements on release-recapture of cold
Rb-85 atoms using an optical nanofibre in a magneto-optical trap, Optics Communications 309,
315-317 (2013).
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In Chapter 8, the ONF is used as the carrier of a probe beam to perform absorp-
tion-based experiments on the surrounding cold cloud. Here, we are interested
in the properties of the entire cloud rather than of the smaller numbers of atoms
which are within the evancescent field of a probe beam in the ONF. Measurements
presented here demonstrate the sensitivity of the ONF to MOT parameters such
as cooling laser detuning and intensity.
Figure 5.1: Schematic of the atom cloud overlapping the nanofibre, illustrating the
coupling of fluorescence photons to the guided mode of the fibre.
5.1 ONF-cloud coupling
5.1.1 ONF-cloud alignment
The process of finding the best position of the cloud in relation to the ONF is
repeated each time a new ONF is installed in the chamber. Vertical movement of
the cloud is enabled by vertical magnetic compensation coils. These coils are set
up as shown in Figure ??: a vertical coil, with inner radius of 3.5 cm, sits on top
of the chamber and a current of up to 3 A can be passed through it, vertically
displacing the cloud up to 5 mm (the direction of the displacement depending on
which direction the current is passed through the coil). A pair of coils sit opposite
each other on the chamber, at 90◦ to the trapping coils. These also have an inner
radius of 3.5 cm. These coils are connected in series and can both take a current
up to 3 A which generates a horizontal displacement of the cloud of approximately
5 mm. This system of coils is essential because the waist of the nanofibre will
not always be exactly at the centre of the MOT for two reasons: (a) during ONF
fabrication, there may be uncontrolled motion of the pulling stages (see Chapter
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3) and this creates non-symmetric tapers and (b) during the ONF gluing stage,
the ONF will not necessarily be mounted such that the waist is at the mid-point
of the mount (see Chapter 3). Full displacement of the cloud is rarely required,
but if the cloud does need to be repositioned more than a few millimetres from
the original zero point of the magnetic field, then full re-alignment of the MOT
beams is necessary. More usually, vertical re-positioning along the ONF of 1 or 2
mm is performed, with small adjustments to the beam position to optimise the
cloud shape and maximise the coupling of fluorescent photons.
Retro-reflected front-
back MOT beam 
Front-back MOT beam 
(z axis) 
B-field coils 
Horizontal 
translation coils 
Vertical 
translation coil 
Top-down view 
(y axis) Camera 1 
Camera 2 
(x axis) 
Figure 5.2: Placement of translation coils and trapping coils around the vacuum cham-
ber (top-down view). The horizontal, front-back MOT beam is indicated for clarity.
For coarse alignment, two cameras monitor the cloud position with respect to
the ONF. A Thorlabs USB CMOS camera (camera 1 – Thorlabs, DCC1545M)
monitors vertical (y-axis) and horizontal alignment (x-axis) with the system of
translation coils. In the mutually orthogonal direction (along the z-axis of the
magnetic coils), a custom-made magnifying CCD camera (camera 2) monitors
the secondary horizontal alignment of the cloud. The ONF is visible with camera
2 due to the scattering of the diagonal MOT beams off the ONF surface. At
the front of the chamber, camera 1 cannot resolve the ONF: a software package
is used to view the image from the camera and the ONF is illuminated with a
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handheld torch in order to draw a vertical line from one side of the ONF to the
other (see Figure ??).
Atom cloud 
Figure 5.3: Screenshot of uc480 software for camera 1 (see Figure ??). The ONF is
highlighted by a vertical blue line which is created by the line tool (circled in red). The
ONF is illuminated with a handheld torch in order to manually overlay the blue line on
the camera image.
Lastly, for fine alignment, an SPCM (Perkin-Elmer single photon counting mod-
ule, model: SPCM-AQR-142) is used to monitor the fluorescent photon count
rate from the cloud via the ONF. By tweaking the coil currents the count rate is
maximised and by adjusting MOT beam alignment both the background signal
and, more importantly, the signal-to-noise ratio are optimised.
5.1.2 Measurements
When the MOT is switched on (i.e. when the cooling and repump laser are
frequency-locked and a current is applied to the MOT coils) the number of atoms
in the MOT increases during the loading time. The loading curve is characterised
by the atom type, the capture velocity, the trapping volume and the average
2The SPCM has a dark count of 100 counts/s and quantum efficiency of 60% at 780 nm.
For each photon detected, the SPCM will output a 35 ns TTL pulse, which is detected by
a Hamamatsu C8855 counting unit, connected via a USB cable to a computer. This allows
user-defined gating times to be set for the counting unit, with no dead time between the gated
counting periods due to a dual counter incorporated into the C8855 counting unit. This lack of
dead time is very advantageous for continuous measurement of the number of coupled photons.
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initial atomic temperature of the atoms in the background vapour. When the
capture rate and loss of the trap balance each other, the number of atoms in
the MOT reaches a steady value. The capture rate, R, represents the number of
atoms that enter the trap per second and is given by
R = 12nv
4
cV
2/3
(
m
2kBT
)3/2
, (5.1)
where n is the density of atoms in the vapour, vc is the capture velocity, V is
the trapping volume, m is the atomic mass, kB is Boltzmann’s constant and T is
the atom temperature [?]. The loss rate of the trap Γ is described by the inverse
lifetime, 1/τ [?]:
1
τ
= nσ
(
3kBT
m
)1/2
. (5.2)
Here, σ is the cross-section for an atom in the background vapour to collide with
an atom in the MOT and knock it out of the trap. Thus, the rate of change of
atoms in the MOT is described by3
dN
dt
= R− N
τ
. (5.3)
whereN is the number of atoms in the MOT.When the number of atoms reaches a
steady state value some time after the MOT has been switched on, N = Ns = Rτ .
Additionally, at t = 0, N = 0 and
N (t) = Ns
(
1− e−t/τ
)
. (5.4)
To monitor the loading of the MOT, the fluorescent photons from the cloud can
be imaged onto a photodiode (PD) (Figure ??). The output voltage from the PD
is proportional to the number of atoms trapped in the MOT (NA) and can be
used to trace the loading curve of the MOT: knowledge of the sensitivity of the
PD makes it possible to convert from VPD to detected optical power.
Figure ?? shows the number of photon counts per second coupled to the ONF
from the atom cloud as recorded with an SPCM instead of a PD. The low count
level (< 2.5 × 105 counts/s) before the magnetic field is switched on arises from
3The form of this equation has a more complex form before making assumptions about
background pressure and sample density. See, for example, [?].
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Figure 5.4: An optical setup for imaging the cloud of cold atoms onto a photodiode
(PD). The signal from the PD is sent to a computer so that the output voltage (which
is proportional to cloud fluorescence) can be recorded.
light coupling to the ONF from the cooling laser beams, repump laser beam,
the various external light sources in the laboratory, and the dark count of the
detector. When the magnetic field is switched on (dashed vertical line, Figure
??) the atom cloud begins to load and the fluorescence level grows in proportion
to the number of atoms captured by the MOT. In Figure ??, loading curves for
four different cooling laser intensities are plotted as recorded with the ONF and
SPCM. It is interesting to note that a saturation effect is seen towards the higher
values of intensity.
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Figure 5.5: Flourescent counts from the atom cloud per second. Signal-to-noise ratio
is approximately 20.
The count rate detected by the SPCM, Rcounts, can be determined using the
following formula:
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Figure 5.6: Steady-state counts as a function of cooling laser intensity. The upper
plot shows a series of loading curves (in terms of count rate per 20 ms gate time) using
different values of cooling laser intensities (IMOT ). The lower plot shows the steady
state counts per second as a function of Ibeam.
Rcounts = neffηfγscQDT (5.5)
where neff is the effective number of atoms contributing to the fluorescence signal,
ηf is the average coupling efficiency of spontaneous emission into the guided
modes of the fibre, QD is the quantum efficiency of the detector (60% at 780
nm), and T is the transmission through the ONF from its waist region to one
end. The atomic scattering rate, γsc, can be written as a function of laser intensity
and detuning of the cooling laser from the cooling transition [?],
γsc =
Γ
2
I/Is
1 + I/Is + 4 (∆/Γ)2
. (5.6)
To determine neff it was assumed that any atoms beyond a distance of 300 nm
from the surface of the fibre have very little effect on the spontaneous emission
detected by the photon counter. Work by Le Kien et al. [?] discusses this in
detail - the majority of the fluorescence coupling occurs for atoms within 200-
300 nm from the ONF surface for ONF radii of ≈ 200 nm. By overlapping this
cylinder-shaped observation area (see Figure ??), which has an inner radius of
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Figure 5.7: Schematic of the experiment, illustrating how neff is determined.
a, with the average density of the MOT, ρMOT = NAVMOT , the effective number
of atoms contributing to the spontaneous emission detected by the SPCM was
calculated from the following equation
neff = ρMOTpiLf
(
a2 − r2
)
, (5.7)
where Lf is the length of the TONF waist and is assumed to be greater than
the diameter of the MOT, i.e. Lf > DMOT (which is generally correct: typical
cloud diameters are approximately 1 mm and the waist length is usually several
mm). In the case of an ONF with waist diameter of about 1 µm, neff is 0.4 and
a maximum count rate of 2000 counts/s can be observed. For the count rate
plotted in Figure ?? of ∼6000 counts/s, the fibre diameter was approximately
600 nm. Using ηD = 0.06 (estimated using previous work based on 133Cs [?]), we
get neff = 0.4.
If neff is plotted against the observation cylinder radius (Equation ??) it is clear
that neff grows quadratically with increased ONF radius. This is, of course, not
the case in reality as the coupled power will decrease with fibre diameter in ac-
cordance with Equation ??. A weighting factor which follows the curve of this
plot should be applied to the observation cylinder volume in order to more ac-
curately predict neff. This is important for ONFs with diameters around and
slightly above λ (780 nm) in particular. Figure ?? shows the predicted coupled
fluorescent power as a function of nanofibre radius. Only the vdW-influenced
spectral frequency shift has been used here as the Casimir-Polder effect is negli-
gible in this case of millimetre-dimensioned clouds – as discussed in Chapter 4.
The maximum of the coupled power curve occurs at k0a = 1.45, i.e. an ONF
diameter of 360 nm in the case of 85Rb. For the case of an ONF radius of 500
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nm, high signal-to-noise ratios can be obtained with ease despite achieving much
less coupled power compared to what can be achieved using an r = 180 nm ONF.
This demonstrates the effectiveness of the nanofibre as a light detection tool. On
the other hand, the spatial extent of the evanescent field at this large diameter
(a few nanometres for a diameter of 1 µm) is very small and absorption via the
nanofibre is challenging, if not impossible, without dramatically increasing the
density and decreasing the spatial spread of the atom cloud. This necessitates
the overall requirement of small diameter fibres in the range of 350 - 400 nm to
satisfy the maximum coupling condition and to allow absorption techniques to be
demonstrable. Table ?? describes two fitting functions which describe the change
in the power coupled to the ONF as a function of ONF radius. These functions
are solved for increasing values of ONF radius and plotted in Figure ??.
Table 5.1: Fitting functions to describe the change of coupled power to the ONF from
the cold atoms as the ONF radius increases.
For... ONF radius < 180 nm ONF radius ≥ 180 nm
Fitting function: y = A2 + A1−A2
1+e
x−x0
dx
y = y0 + Ae−e
−z0.7−z+1(
z = x−xc
w
)
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Figure 5.8: Predicted power (normalised) coupled to a nanofibre as a function of
increasing nanofibre radius. As expected from the optimum coupling condition (k0a =
1.45), the maximum coupled power is obtained when the ONF radius is 180 nm (black,
dash-dot-dot line). The cloud radius was set to 0.5 mm in this simulation.
A typical SMF (single-mode fibre) has approximately 80% of the light within
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Figure 5.9: neff as a function of nanofibre radius with a correction factor that includes
the reduction of the evanescent coupling region for larger and large radii. Cloud density
is 109 atoms/cm3 and cloud radius was set to 0.5 mm in this simulation. The maximum
coupled power is obtained when the ONF radius is 180 nm.
the core and 20% of light extends beyond the core and into the cladding. The
diameter of the entire mode (mode field diameter, MFD) includes the light within
the cladding. The MFD4 of 780 nm light in 780HP single mode fibre (core radius
is 2.2 µm) is approximately 5 µm so it is clear that photons can couple to the
ONF even when it is a couple of microns in diameter in accordance with Figure
??.
neff depends on the cloud density, ONF diameter and ONF waist length. After
fabrication, the latter two quantities are fixed and the cloud density can be in-
creased. For example, Figure ?? shows the theoretical maximum value of neff
when the cloud density is 109 atoms/cm3. The plot in Figure ?? shows how the
effective number of atoms can be dramatically increased by improving the cloud
density.
5.1.3 Further comment about neff
When determining neff experimentally, a number of points must be taken account
of. The SPCM measures the actual photon counts from various atoms throughout
4See http://www.thorlabs.com/Thorcat/6800/780HP-SpecSheet.pdf
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Figure 5.10: This compound graph shows what the peak value of neff is at different
values of the MOT cloud density. The left and bottom axes (coloured data points with
a black spline fit to guide the eye) show the peak value of neff at a fixed ONF radius
which satisfies the condition k0a = 1.45. It is clear that, with increased density, a very
large increase in neff is seen. Thus it is desirable to improve MOT density in order to
improve optical density. The top and right axes relate the fluorescence coupling curves
for varying cloud density as a function of ONF radius – for comparison, Figure ??
shows just one of these curves at 1 × 1010 atoms/cm3 (green, dash-dot curve in this
plot). Each of these curves peak at ka = 1.45 (indicated by the solid black line at a
radius of about 185 nm). For example, with a cloud density of 1010 atoms cm−3 (green,
dash-dot curve) and an ONF radius of 400 nm, the maximum neff that can be obtained
is 0.04.
the entire cloud. Here, Equation ?? is used to estimate the quantity neff,1 (see
Figure ??). This cannot be used to measure cloud density, but provides an
interesting figure of merit which relates the density of atoms emitting photons
into the guided mode of the ONF to the overall number of atoms in the MOT
and the cloud volume.
If the ‘usual’ atom cloud density, ρ, is known then Equation ?? can be used to
estimate the quantity neff,2 (see Figure ??) with some fixed observation volume
positioned symmetrically around the ONF. This will drastically overestimate the
‘true’ neff if ρ is multiplied by the volume of a 300-nm-wide observation cylinder
surrounding the ONF, but for purposes of optimisation (e.g. cloud density, ONF
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Figure 5.11: Variations in the definition of neff due to the random direction of emis-
sion of fluorescent photons.
dimensions) the small observation volume is sufficient.
If there is no knowledge of ρ, and Equation ?? is used to determine neff,2 (with V
as the volume of the 300-nm-wide observation cylinder), the density of the cloud
will be underestimated. This is summarised in Figure ??.
5.2 Temperature measurements
Temperature is undeniably one of the most important characteristics of a laser-
cooled sample of atoms that one can measure. By experimentally determining
the ensemble temperature, T , quantities such as the spring constant and dif-
fusion coefficient can be estimated [?, ?], temperature and density regimes can
be mapped out [?], and a wealth of information regarding the efficiency of the
trapping, cooling and compression scheme can be revealed [?, ?].
There now exist many temperature measurement techniques for cold atoms. Some
novel methods have been implemented to match specific trapping techniques (for
example, see [?, ?]) but the most common methods use the thermal expansion of
the cloud to estimate T [?, ?, ?]. These are called time-of-flight (TOF) measure-
ments.
For temperatures at the Doppler limit (146 µK for 85Rb) and above the release-
recapture (RR) method is well-suited. At temperatures significantly below the
Doppler limit, gravity begins to play a role in the thermal expansion of a cold
cloud of atoms because the initial velocity of the atoms becomes small compared
to the velocity acquired due to gravity during expansion. Both the cloud shape
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and capture region must be known in order to fully analyse the characteristic
release-recapture motion. Although TOF methods are generally destructive (i.e.
the cloud must be destroyed to determine T ), RR can be termed reconstructive
as each sequence ends with the original cloud being recaptured (albeit for a finite
time).
The behaviour of the cloud of atoms as a damped harmonic oscillator provides
insight into the spring constant of the cloud and its temperature. The first demon-
stration of such a temperature measurement was by Steane and Foot [?] who used
a pushing beam to impart oscillatory motion on the cloud. The authors remark
that the pushing beam may affect the results by optical pumping. Thus, it is
advantageous to use the magneto-optic field as the displacing force when per-
forming forced oscillation. This magneto-optic-force-based oscillation technique
was originally implemented for a conventional fluorescence imaging setup [?, ?].
In this work, by imparting a one-dimensional oscillatory motion to the magnetic
trap, the phase difference between the oscillations of the trap and the oscillations
of the atom cloud can be determined by measuring the photon count rate at one
end of the nanofibre. This measurement technique is highly sensitive to just a
few atoms and has distinct advantages over alternative temperature measurement
techniques since the nanofibre method is non-destructive.
In general, the trapped atoms under study – either via their fluorescence signal
or by using a resonant probe beam – are those that are located closest to the
centre of the MOT where the nanofibre is positioned and are the coldest atoms.
External observation using a photodiode gives a view of the whole cloud and no
access to the inner distribution. However, the nanofibre is ideal for probing small
numbers of atoms located near the nanofibre and in the central region of the trap.
In the following two sections, we focus on the method of forced oscillations (FO)
and the release-recapture method (RR), respectively.
5.2.1 Method of forced oscillations5
As mentioned, the first demonstration of the forced harmonic magneto-optical
trap method [?] used the radiation force of an additional laser beam to push
the trapped atoms away from the trap centre. However, three-dimensional sub-
5This work can be found in [?]: Russell, L., Deasy, K., Daly, M. J., Morrissey, M. J. and
Nic Chormaic, S. Sub-Doppler temperature measurements of laser-cooled atoms using optical
nanofibres. Measurement Science and Technology 23, 015201 (2012).
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Doppler theory was required to calculate the pushing force. The motion of the
atom cloud in this current work is restricted to one dimension, allowing straight-
forward analysis using the well-established forced harmonic oscillator model.
To measure the temperature of a cold atom cloud, the system is viewed as isolated
from the surrounding environment. This allows us to define the temperature, T ,
in terms of the average kinetic energy, 〈Ek〉, of the atomic sample [?]:
1
2kBT = 〈Ek〉 (5.8)
where kB is Boltzmann’s constant. An atom trapped in the oscillating MOT
behaves as a damped harmonic oscillator [?], the motion of which is described by
mx¨ = −κx− λx˙, (5.9)
where m is the atomic mass, x is the atom’s position, κ is the spring constant and
λ is the damping coefficient. We have neglected stochastic heating of the cloud
due to the low atomic density.
In thermal equilibrium, the atom cloud has a thermal energy given by [?, ?]:
kBT = κ〈r2x〉 = m〈v2〉 (5.10)
where 〈r2x〉 is the 1/e2 radius of the atom cloud along the direction of forced
oscillation and 〈v2〉 is the mean square atomic velocity. To measure κ the cloud
is forced to oscillate in the x-direction. The periodic motion of the trap centre
is given by ∆x(t) = ξ0cos(ωt), where ξ0 is the maximum displacement of the
trap centre and ω is the applied oscillation frequency. By ensuring the maximum
displacement of the cloud is small, it remains within the linear regime of the trap
and the motion of an atom within the trap is described by x(t) = A(ω) cos(ωt−φ),
where
A(ω) = ω
2
nξ0√
(ω2n − ω2)2 + γ2ω2
(5.11)
and
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φ(ω) = pi2 − tan
−1
(
ω2n − ω2
2γω
)
. (5.12)
Here, ωn is the natural frequency of the trap and is related to the spring constant
by κ = mω2n, and γ = λ/2m is the damping constant. Therefore, by measuring
the phase, φ(ω), we can obtain κ allowing the temperature to be determined from
Equation ??. It can be seen from Equation ?? that the natural frequency and
oscillation frequency are equal when φ(ω) = pi/2.
To carry out forced oscillation temperature measurements, typical methods of
forcing the MOT to oscillate are using either a pushing laser beam [?] or su-
perimposing a small oscillating magnetic field [?] on the main trapping field of
the MOT. In the latter technique the current supplied to a pair of translation
Helmholtz coils is modulated, causing the atom cloud to oscillate and the mo-
tion is that of a forced, damped harmonic oscillator. Fluorescent photons from
the atom cloud are focused onto a photodiode producing a sinusoidal output
signal, which can be frequency analyzed using a spectrum analyzer. A plot of
phase, φ(ω), versus applied oscillation frequency, ω is generated and the natu-
ral frequency is equal to the applied frequency when φ(ω) = pi/2, as seen from
Equation ??. Once the natural frequency is known, the spring constant can be
determined since κ = mω2n. The radius of the cloud is found by imaging it with
a CCD camera.
In the setup described here, the current to just one of the electric coils is mod-
ulated so that the minimum of the magnetic field oscillates over a small, 1-
dimensional spatial range, which is less than the radius of the atom cloud. The
decision to modulate the current to a trapping coil rather than the smaller com-
pensation coils was a technical one, based on the quality of the power supplies in
use. Unlike conventional fluorescence detection schemes [?], an optical nanofibre
is utilised instead of a photodiode (PD). The optical nanofibre passes vertically
through the central region of the stationary trap and is connected to an SPCM.
For comparison, we also make a single temperature measurement using the pho-
todiode detection system similar to that described in [?].
We assume that the atom cloud has a Gaussian density profile and the number
of photons coupled into the nanofibre is proportional to the atom density at any
point in the cloud, as previously shown in [?]. The atom cloud and nanofibre are
overlapped, with the nanofibre slightly off-centre within the cloud, as shown in
Figure ??(a). During the forced oscillation of the atom cloud the nanofibre re-
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mains stationary. As the current in the coils reaches its maximum and minimum
values, Imax and Imin, the displacement of the atom cloud is largest after a par-
ticular length of time which depends on the frequency of the current modulation.
These points of maximum displacement are illustrated in Figure ??(a), with the
corresponding points detailed on the density profile of the atom cloud shown in
Figure ??(b). If we assume that the oscillations of the cloud are small, the change
in the density profile of the cloud can be assumed to be linear over this variation
in position and a similar variation will occur in the number of photons coupled
into the nanofibre. Hence, sinusoidal oscillations of the atom cloud across the
nanofibre will lead to a sinusoidal variation in photon counts as detected with the
SPCM. This is illustrated in Figure ??(c).
Figure 5.12: (a) Nanofibre positioned off-centre within the atom cloud, (b) Gaussian
density profile of the atom cloud, (c) Qualitative sketch of the nanofibre output for a
sinusoidal oscillation of the atom cloud across the fibre.
A schematic diagram of the setup used for the forced oscillation temperature
measurement is shown in Figure ??. To determine the radius of the atom cloud,
it is magnified and imaged on a CCD camera, which was calibrated using objects
of known dimensions. The output of the CCD camera is sent to a TV monitor
for real-time viewing and a video card for recording and imaging.
To take a single phase measurement, function generator 1 is set to a fixed oscil-
lation frequency, ω, causing the atom cloud to oscillate. At the same time, the
function generator outputs a TTL signal that is in phase with the oscillating out-
put, as shown in Figure ??. The TTL signal is split between a transistor switch
and a data acquisition (DAQ) card. Initially, the transistor switch is closed and
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Figure 5.13: Schematic diagram of the experimental setup for carrying out tempera-
ture measurements using the forced oscillation technique. Only the nanofibre detection
scheme is shown. SPCM: single photon counting module; DAQ: data acquisition card;
UHV: ultra high vacuum; CCD: charge coupled device camera.
does not allow the TTL signal to pass. When the switch is opened the TTL
signal triggers function generator 2, which outputs a burst of 1000 TTL pulses
of variable width depending on ω. This TTL signal is then used to trigger the
counter of the SPCM and the DAQ card so that both measurements are synchro-
nised. The DAQ card measures the applied modulation signal (reference) and the
SPCM counter measures the modulated photon count rate (signal) through the
nanofibre.This timing sequence is illustrated in Figure ??. The phase between
the reference and signal yields the natural frequency from Equation ??.
Initially, a reference result was taken for the temperature of the cold atom cloud
using the photodiode setup as mentioned. Figure ?? is a plot of phase versus
applied oscillation frequency as measured directly using a spectrum analyzer.
When the phase is 90◦, the natural frequency is equal to the applied frequency
(see Equation ??) of 25.2 Hz. This is determined by fitting a non-linear curve
to the data points (red curve in Figure ??). The 1/e2 radius was measured to
be 1.01 mm and, using Equation ??, an ensemble temperature of 260 µK was
determined. The largest source of error in the temperature for both the PD and
nanofibre techniques originates from measuring the radius of the atom cloud.
Using a Gaussian fit to the cloud profile, the maximum error on the radius, ∆rx,
is 0.5 pixels, equivalent to 0.023 mm in real space. Therefore, to determine the
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Figure 5.14: Timing diagram for the experiment.
error for each temperature value, the following empirical formula was used:
Error =
(
2∆ωn
ωn
+ 2∆〈rx〉〈rx〉
)
T (5.13)
A sinusoidal fit was applied to each set of data in order to find the natural
frequency. Figures ??(a) and ??(b) show two examples of the photon count rates
obtained at one end of the fibre for two different applied modulation frequencies
of 10 Hz and 50 Hz, respectively. This data was then compared to the actual
modulation data as measured using the DAQ card in order to determine the phase
between the two signals.
For increasing oscillation frequency, an increase in the phase is observed as shown
in Figures ?? and ??. In Figure ??, the normalized raw data from the SPCM
is plotted against the phase angle for two complete oscillations of the cold atom
cloud. For each increment in the oscillation frequency the phase increases further
away from the input modulation. In Figure ??, the phase shift is plotted against
the modulation frequency. Each point on this plot represents an averaged value of
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Figure 5.15: Plot of phase against oscillation frequency using a photodiode and spec-
trum analyzer. This provides a reference value for the cold atom temperature as mea-
sured with a nanofibre.
phase, calculated from a number of readings for each oscillation frequency. The
experiment was repeated for frequencies ranging from 5 to 50 Hz and varying
cloud radius and these results are presented in Table ??. The natural frequency
was determined by averaging over a large number of readings for each oscillation
frequency and error approximation based on the standard deviation yields an
uncertainty of 2.5% for ωn. This corresponds to a maximum uncertainty of 1◦ on
the phase, φ(ω).
Table 5.2: Estimated temperature values obtained for an atom cloud of varying radius
and modulation frequency for a fixed laser detuning of -12 MHz.
Detection Method Frequency Spring constant Radius Temperature
(Hz) (10−21 kg/s2) (mm) (µK)
PD (reference) 25.2 3.56 1.01 260 ± 33
Nanofibre 25.2 3.56 1.15 338 ± 40
Nanofibre 26.8 4.02 1.29 482 ± 53
Nanofibre 28.2 4.45 0.64 130 ± 19
By increasing the red-detuning of the cooling laser from the cooling transition,
further cooling of the trapped atoms in the MOT can be achieved [?]. To inves-
tigate if the forced oscillation setup using the nanofibre can detect such changes
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Figure 5.16: Plot of SPCM counts and fitted sine wave against time, for an oscillation
frequency of (a) 10 Hz and (b) 50 Hz.
in the temperature of the atom cloud, temperature measurements were made for
various red-detuning values of the cooling laser. Figure ?? is a plot of phase ver-
sus oscillation frequency for different red-detunings. The natural frequency can
be obtained and, along with the radius of the atom cloud, the temperature can
be determined. These results are presented in Table ?? and Figure ??.
As there exists some ambiguity in the literature concerning the appropriate defi-
nition of radius for an atom cloud6, we have analysed our system using, addition-
ally, the 1/e-radius and Gaussian full-width at half-maximum (FWHM). Figure
?? plots the temperature of the atom cloud as a function of detuning for the three
standard radius definitions used.
The results presented in Table ?? and Figure ?? are in agreement with the ex-
pected trend, showing a decrease in the atom cloud temperature with increased
red-detuning from the cooling transition, regardless of which cloud radius defi-
nition is used. This consideration of cloud radius is particularly relevant when
discussing the effect which the hot surface of the nanofibre has on the surrounding
cold atoms. Importantly, we have observed a sub-Doppler temperature at large
6See for example: [?] (1/e2), [?] (1/
√
e), [?] (σrms)
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Figure 5.17: Plot of normalized SPCM output against rotation angle for various
oscillation frequencies, showing the changing phase shift due to the modulation as the
frequency increases.
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Figure 5.18: Plot of phase against oscillation frequency as determined from data taken
using the nanofibre.
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Figure 5.19: Plot of phase against oscillation frequency for various red-detunings from
the cooling transition of 85Rb.
Table 5.3: Values of decreasing temperature for increasing red-detuning of the cooling
laser based on the 1/e2 cloud radius.
Detuning Frequency Spring constant Radius Temperature
(MHz) (Hz) (10−21 kg/s2) (mm) (µK)
12.4 43.1 10.4 1.14 973 ± 85
15.4 37.2 7.75 1.08 653 ± 63
18.3 37.2 7.75 0.82 374 ± 41
20.9 29.5 4.87 0.73 185 ± 24
23.4 26.0 3.79 0.57 89 ± 14
enough detuning, regardless of radius definition, thereby indicating that such low
temperatures can be reached even with the hot fibre being present in the cloud.
For the lower red-detuning values in Table ?? and Figure ??, radiation pressure
forces may inflate the temperatures achieved as higher atom numbers would have
been present under these conditions. The system is optically thin (<0.3). It
has been shown that one may see significant effects of radiation trapping when
the resonant optical depth is of the order of 1 [?] or even a factor 10 lower [?].
Therefore, further analysis incorporating radiation trapping and heating effects
will be the focus of future discussion.
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Figure 5.20: Plot of atom cloud temperature against detuning for three different def-
initions of cloud radius.
5.2.2 Release-recapture method7
If a spherical cloud of atoms, with a Gaussian velocity distribution, is allowed
to expand homogeneously from an initial finite diameter, the fraction of atoms
remaining after the release time, ∆t2, is given by
fr =
1
pi3/2
∫ vc/vT
0
e−u
2
u2du.4pi, (5.14)
where u2du.4pi is the spherical polar coordinate for velocity. The thermal velocity
of the atoms in the MOT at a temperature T is vT =
√
2kBT/m and vc = Rc/∆t2
is the velocity at which the atoms just reach a position Rc in the time interval
∆t2. The capture region is characterised by the radius of the MOT beams, Rc.
Integrating Equation ?? yields:
fr = −2e
− v
2
c
v2
T vc√
pivT
+ Erf
[
vc
vT
]
. (5.15)
7This work can be found in [?]: Russell, L., Kumar, R., Tiwari, V. B. and Nic Chormaic,
S. Measurements on release-recapture of cold Rb-85 atoms using an optical nanofibre in a
magneto-optical trap, Optics Communications 309, 315-317 (2013).
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Equation ?? describes fr as a function of ∆t2. This equation is fitted to the
experimental data by taking Rc is known and vT is the fitting parameter.
For these experiments, the transmission of the ONF was ∼60% and the waist
diameter was ∼ 1µm (as determined with SEM). The cooling laser beams were
switched on and off with an AOM in order to achieve the desired loading, release
and recapture sequence (see Figures ?? and ??). A recapture time, ∆t3, of 50
ms was used to ensure that no background vapour atoms were recaptured by the
MOT. The loading time of the MOT was typically ∼1 second. The magnetic field
remained on at all times.
Time 
1. Load MOT for 
time Δt1 
2. Release cloud (switch off MOT beams) 
for time Δt2 
1. Recapture cloud 
for 50 ms (Δt3) 
0 t2 
ONF 
Atom 
cloud 
Figure 5.21: Illustration of the release and recapture sequence as a function of time.
The cloud is positioned centrally around the ONF. The cloud is loaded for a time ∆t1
and then released from the trap for a time ∆t2. ∆t2 is varied from sequence to sequence
to build up a profile of the velocity of the atoms in the MOT. The recapture time, ∆t3,
is set to 50 ms. The cloud is then released once more for 50 ms, before repeating the
entire sequence.
To perform a temperature measurement, the cloud of atoms was loaded for 10
seconds (∆t1) to ensure a steady-state number of atoms was reached. Then, the
cooling laser was switched off using the AOM for a time ∆t2 to allow the cloud
to expand freely. ∆t2 is varied each time the sequence is repeated: ∆t2 = 5
ms, 10 ms, 20 ms, ... 150 ms. After the release time has passed, the cooling
laser is switched on for ∆t3=50 ms to recapture the cloud. The cooling beams
are switched off again with the AOM for 50 ms to provide a suitable contrast
between the signal from the recaptured atoms and the background level. The
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ONF 
Cold 85Rb cloud Sequenced 
MOT beams 
+1-order to MOT beams Beamstop for 0-order 
RF signal (detuning) 
RR sequence 
off 
on 
Figure 5.22: Illustration of the experimental setup. The 1st-order beam from an AOM
is expanded and split into three equal-intensity cooling beams for the MOT. The 85Rb
cloud is positioned centrally around the ONF. The cooling beams are switched on and
off according to the sequence shown here with an AOM. Beam detuning is controlled
via the tunable RF input on the AOM.
sequence is recommenced for the next value of ∆t2. An image of the cloud is
recorded using a CMOS camera and image analysis is performed to estimate the
cloud radius.
Following this release and recapture process, fast atoms escape the MOT after
a short release time and slower atoms are lost only after longer release times.
To estimate the temperature of the atoms, the fraction of remaining atoms is
calculated as a function of ∆t2. This is proportional to the fluorescence coupled
into the nanofibre. This method is sensitive to the velocity distribution of the
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cloud.
Temperatures approaching the Doppler limit have been observed at moderate
detunings when the alignment of MOT beams has been particularly good. For
example, for a detuning of -2.6Γ (where Γ = 2pi×5.9 MHz is the natural linewidth
of the 52S1/2 → 52P3/2 transition in 85Rb) with a cooling laser intensity per beam,
Ibeam, of 2.9Is (where Is=1.6 mW/cm2 for σ±-polarised light on the 85Rb cooling
transition), T is estimated to be 167 µK (Figure ??). Poor MOT beam align-
ment would mean that atoms may leave the capture region in a non-isotropic way,
the signature of which is an immediate and sharp decrease in recaptured atoms.
The importance of precise optical alignment and power equalisation in the MOT
beams is well known [?, ?]. For example, [?] reports a temperature and associ-
ated variation of (147±25) µK depending on the alignment of the laser beams.
By using the ONF as the detection tool, the effect of beam misalignment and
power mismatching is detectable with a greater sensitivity than with fluorescence
imaging techniques.
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Figure 5.23: Fraction of recaptured atoms estimated from the fluorescence data ob-
tained from an optical nanofibre placed near the cold cloud of atoms. For a release time,
∆t2, of 50 ms, 73% of the expanded cloud was recaptured with δ=2.6Γ and cooling laser
intensity of 2.9Is (4.6 mW/cm2) per beam.
The temperature of the cold atoms as a function of Ibeam was investigated (see
Figure ??) and measurements show that a span of a few hundred µK can be
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observed when varying Ibeam from 2.5 mW/cm2 to 6.7 mW/cm2 at a constant
cooling laser red-detuning of ∼2Γ. As expected, the temperature reduces as laser
intensity is reduced [?].
Traditionally, Rc is the quantity with the greatest uncertainty. A small change
in Rc (∼ 2.5 mm) when fitting Equation ?? to the data results in a temperature
shift of the order of the error bars seen in Figures ??–??.
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Figure 5.24: Temperature as a function of cooling laser intensity normalised to the
saturation intensity, Is (δ=-2Γ). The solid red line is a linear fit to the experimental
data.
In order to compare the RR temperature measurements with another technique,
we have taken data directly from previous work which used the method of forced
oscillations to estimate cloud temperature (see [?] for full details). Table ??
presents a comparison of results for temperature as a function of cooling laser
red-detuning. The results found using each technique correlate quite well. In
particular, for higher detunings, the T values which have been estimated with
each method agree more strongly. Lower values of red-detuning were not easily
examined with the ONF used for RR as the sacrifice in NA was sufficient to lower
the fluorescence coupling signal siginificantly.
Figure ?? shows that temperatures obtained with RR increase linearly with the
dimensionless light-shift parameter Ω2/|δ|Γ as expected [?]. The spring constant,
κ, which describes the restoring force in the MOT and is particularly relevant
in compressing atoms to high density, can be inferred from these temperature
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Table 5.4: Variation of temperature with cooling laser red detuning in units of the
natural linewidth using two different measurement techniques. Ibeam was approximately
2.2Is for release-recapture and 1.3Is for forced oscillation. Forced oscillation data are
taken directly from [?].
Method Red Detuning TemperatureΓ mK
Release recapture
1.1 1.80±0.20
2.0 0.56±0.13
3.5 0.23±0.03
Forced oscillation
2.1 0.97±0.08
2.6 0.65±0.06
3.1 0.37±0.04
3.5 0.18±0.02
values. To determine κ, it is assumed that, in thermal equilibrium, the atom
cloud has a thermal energy given by kBT = κ〈r2〉 = m〈v2〉, where T is the
experimentally-determined cold atomic cloud temperature, kB is Boltzmann’s
constant, r is the radius of the atom cloud, and 〈v2〉 is the mean square atomic
velocity [?, ?]. For each red-detuning, the cloud radius is estimated using image
analysis. Figure ?? shows that the spring constant increases with intensity at
low intensity or detuning values and then levels off at some critical value of the
light-shift parameter. Wallace et al. [?] report that the spring constant is not
independent of Ibeam until a moderately high value of the light-shift parameter
is reached. It is interesting to observe that, as evident in Figure ??, κ levels off
above light-shift parameter values of ≈1. As the most dense part of the cloud is
being studied with the ONF, this may be an interesting observation compared to
measurements done with photodiodes.
As the atom number is increased in the MOT, the regime of operation transitions
from temperature-limited (TL) to multiple-scattering (MS) [?, ?, ?]. In the TL
regime, the cold atoms are essentially non-interacting because NA is small (typi-
cally less than 104) and the density is low. The cloud acts as an ideal gas in this
regime, and, as more atoms are loaded into the trap, the size of the cloud remains
the same while the density increases linearly and its distribution remains Gaus-
sian [?]. For larger NA (≥ 105) the cloud begins operating in the MS regime and
the density becomes largely independent of NA [?]. Two effects are seen in this
regime. Firstly, repulsive forces caused by the re-absorption of scattered photons
lead to an increase in the cloud size while the density remains constant. This
radiation trapping effect determines the density and temperature of cold atoms
[?, ?]. For example, at NA ∼ 107 the cloud density is maintained and the optical
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Figure 5.25: Temperature of the cloud as measured with RR plotted against the di-
mensionless light-shift parameter Ω2/|δ|Γ (black circles) and a linear fit (red line) to
the data.
0 . 6 0 . 8 1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 . 0
0 . 0
5 . 0 x 1 0 - 2 1
1 . 0 x 1 0 - 2 0
1 . 5 x 1 0 - 2 0
2 . 0 x 1 0 - 2 0
 
 
Spr
ing 
Con
stan
t, κ 
(N m
-1 )
L i g h t - s h i f t  p a r a m e t e r ,  Ω 2 / | δ| Γ
Figure 5.26: Spring constant against dimensionless light-shift parameter Ω2/|δ|Γ
(black circles) with a fit for a guide to the eye (red, solid line).
thickness is such that, on average, each photon absorbed from the cooling laser
beams will, after re-emission, scatter no more than once on its way out of the
cloud. This determines the spatial growth of the cloud as NA increases beyond
107 [?]. The second effect is due to an attenuation force which arises from the
intensity gradients in the MOT beams and the absorption of such by the atoms
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[?, ?]. This results in spatial compression of the cloud and a small reduction
in spring constant of the trap [?]. When the MOT transitions from the TL to
the MS regime, the atom distribution may or may not change from Gaussian to
flat-topped. Thus, at higher cloud densities, cloud images may not be a direct
indicator of density. Measurements using an ONF negate the use of imaging
analysis to estimate cloud volume (for example, [?]) making it simpler to observe
regime-change in the MOT via fluorescence coupling.
By considering an observation volume surrounding the ONF, the cloud density
can be studied as the light-shift parameter is varied. It is assumed that atoms
within a hollow observation cylinder with an outer radius equal to the ONF radius
+ 300 nm are most likely to emit fluorescence into the guided mode of the ONF
[?, ?]. This number of effective atoms, neff , can be estimated at one end of the
ONF using neff = 2CP/RscηONFQηQD where Rsc is the atomic scattering rate,
ηONF is the average coupling efficiency of photons into the guided ONF mode
in one direction (estimated at 2% using previous work based on 133Cs [?]), Q is
the ONF transmission from the middle of the ONF waist to the detector (the
transmission through the entire length of fibre is 60% so Q=77% for half the fibre
length), and ηQD is the quantum efficiency of the SPCM (60%). The quantity
CP is the fluorescent count rate obtained by the SPCM and is obtained from the
RR raw data. The scattering rate, Rsc is described by [?]
Rsc =
Γ
2
C21Ω2tot/2
δ2 + Γ2/4 + C22Ω2tot/2
. (5.16)
Here, Ωtot is the Rabi frequency for all MOT beams and is found from six times
that of any one of the trapping beams. C1 and C2 are average Clebsch-Gordan co-
efficients for the transition between the initial (subscript “1”) and final (subscript
“2”) state. Here, the values of C21 and C22 are assumed to be equal due to optical
pumping among the Zeeman sub-levels in the presence of strong coupling between
atoms and the radiation field as discussed in [?].
If neff is plotted as a function of light-shift parameter, saturation of the atom
number commences from Ω2/|δ|Γ ∼ 1.2 onwards (see Figure ??). As the observa-
tion volume is fixed by the ONF radius, this saturation effect is due to the spatial
expansion of the cloud while it maintains constant density and may also indicate
the onset of the MS regime in the MOT.
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Figure 5.27: Estimation of effective atom-number, neff, with increasing dimensionless
light-shift parameter Ω2/|δ|Γ (black circles) with two linear fits to indicate the change
in slope around a light-shift parameter 1.2.
5.3 Conclusion
This chapter has summarised the fluorescence-based experiments performed with
the atom cloud + ONF system. Alignment of the cloud around the ONF is easily
achieved with a system of orthogonal CCD cameras and an SPCM. Very high
signal to noise ratios can be achieved with good alignment making the system
extremely sensitive to even low NA small fluctuations in laser powers or other
MOT parameters. The quantity neff gives an estimation of how many atoms are
coupling fluorescence into the guided mode of the ONF. This number is affected
strongly by the ONF radius, a – to maximise neff, a must satisfy k0a = 1.45.
Additionally, by increasing the cloud density, dramatic increases in neff can be
seen.
Two techniques for measuring the temperature of a cloud of cold 85Rb atoms in a
MOT with the ONF-coupled fluorescence are experimentally demonstrated. The
first method used is that of forced oscillations, which takes advantage of the me-
chanical properties of the MOT. The fluorescence photons from the trapped atoms
were detected using an optical nanofibre, which was placed within the atomic sam-
ple. Good agreement was found between temperature measurements made using
the optical nanofibre and the conventional fluorescence imaging method with a
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photodiode and, in each case, the forced oscillation technique was used. As ex-
pected, a decrease in atom temperature was observed for increased red-detuning
of the cooling laser beams regardless of the definition of cloud radius used. The
nanofibre-based temperature measurements yield marginally higher results than
the corresponding fluorescence imaging method and this may be attributed to the
effect which the relatively hot surface of the nanofibre has on nearby laser-cooled
atoms.
Prior to this, two other significant non-destructive temperature measurement
techniques have been reported [?, ?], both of which are performed in-situ. In [?],
atom numbers ranged from 105 to 107 and, for lower numbers, intensity correlation
signals become quite small. In the course of the work reported here, it was found
that, for lower atom numbers, it was more difficult, albeit not impossible, to
achieve fluorescence coupling. Further studies will investigate the lower limit
on the atom number within the system that still attains efficient fluorescence
coupling into the nanofibre.
It is worth reiterating that sub-Doppler temperatures were observed for large
red-detunings from the rubidium cooling transition. On this basis, it would be
worthwhile investigating the influence of the optical nanofibre on the formation of
even colder atomic systems, e.g. Bose-Einstein condensates, and such a study is
crucial for determining the functionality of optical nanofibres in hybrid quantum
systems for quantum communication schemes [?].
The temperature of a cold ensemble of 85Rb atoms was estimated using the
release-recapture method with a nanofibre. The RR sequence was applied to
an AOM which allowed rapid switch of the MOT beams. This results coincide
with those found by other methods and again reinforce the viability of placing
the ONF in yet colder atomic samples. Furthermore, this work has highlighted
the sensitivity of the cloud temperature to small changes in beam misalignment,
detunings and intensities and demonstrated the ability to detect these tempera-
ture changes with the ONF. It should now be possible to conduct a systematic
temperature measurement while exploring the entire parameter space using a
sensitive detector which can be positioned anywhere in the cloud.
Free-space RR measurements show that, with the same variation in laser cooling
intensity as used here, a few hundred µK span can be observed. The results
presented here display this trend and, additionally, provide detailed information
about the velocity distribution of the atom cloud. In particular, with the release-
recapture method it is necessary to be sensitive to the initial velocities of nearby
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(near-surface) atoms and through data analysis create a decay curve which shows
how fast nearby atoms leave the capture region and cease to fluoresce into the
ONF’s guided mode.
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Chapter 6
Experiments with a dark
magneto-optical trap1
The density of atoms n in a magneto-optical trap is limited to approximately
∼ 1011 atoms/cm3 for two reasons. Firstly, a transfer of kinetic energy occurs
when a ground-state (F ) atom collides with an excited state atom (F ′). This leads
to a trap loss rate of βn per atom where β ≈ (1− 5) × 1011 cm3/s. The second
limitation is due to laser-cooled atoms in the MOT reabsorbing scattered photons,
a phenomenon known as radiation pressure. The outward radiation pressure of
the fluorescent light balances the confining forces of the trapping laser beams at
a particular density and, at this point, if the number of atoms is increased, the
atom cloud will grow in spatial extent rather than density. For the ONF, this is a
major consideration. If we wish to do an absorption-based experiment, as many
atoms as possible are required to fill the evanescent region around the ONF to
improve signal quality dramatically.
Work published in 1993 by Ketterle et al. [?] demonstrated a new style of
magneto-optical trap which confined sodium atoms in a dark ground hyperfine
level, unperturbed by the cooling beams and thus free from the density limitations
of a standard bright MOT. By reducing the intensity of the repumping light for
sodium, the dark spontaneous-force optical trap transferred almost all the atoms
from the upper (bright) hyperfine level to the lower (dark) hyperfine level. As
the atoms are no longer cycled by the cooling laser to an excited hyperfine state,
there is no fluorescence from the atoms which leads to the terminology of “dark
MOT”. Although a small excitation rate is optimal for confining large numbers
1This work is in preparation for publication in Measurement Science and Technology under
the title “Investigation of a 85Rb-dark magneto-optical trap using an optical nanofibre”
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of atoms at high density, the maximum possible excitation rate is required to
efficiently capture atoms from a thermal vapour and load them into a MOT. By
using a bright trapping region and dark trapping region in the MOT beams, both
of these requirements can be fulfilled. A doughnut-shaped repumping beam can
be used to create a bright outer MOT and a dark inner MOT. An atom which
encounters the region with negligible repump intensity will spend a very short
time in the cooling cycle before being shelved into the dark hyperfine level, i.e.
F = 2 for 85Rb (see Figure ?? for the energy level diagram of 85Rb).
F=2 
F=3 
F’=1 
F’=2 
F’=3 
F’=4 
780.241 nm 
δ 
C 
R 
5S1/2 
5P3/2 
Figure 6.1: The basic DMOT energy level scheme for 85Rb. The intensity of the
repump beam (R) is reduced to allow atoms to accumulate in F = 2. The cooling beam
(C) is tuned, as normal, near the transition F = 3→ F ′ = 4.
The bright (BMOT) and dark MOT (DMOT) can also be separated temporally
by using triggered mechanical shutters and AOMs. The spatial dark MOT is
experimentally more advantageous as the dark atoms can be continuously loaded
into the dark trap from the outer bright trap. In the bright region of the MOT
things work as normal. In fact, although the inner dark region is not really a
trap anymore, the outer bright region still captures background atoms and feeds
the dark section. In other words, experimental parameters for the atoms at the
trap centre can be monitored and adjusted while simultaneously maintaining the
high loading rate of the MOT. This is possible because the trapped atom cloud
is localized near the minimum of the magnetic field whereas the capture of atoms
occurs throughout the whole intersection volume of the cooling beams. This
arrangement is very appealing for ONF-based work. For example, the possibility
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of continuous (i.e. non-sequenced) absorption measurements via an ONF probe
would be available. Permyakova et al. [?] report that even with moderate beam
powers (of the order of 6 mW) the dark MOT can capture large numbers of
atoms and generate optical densities as high as 9. Thus, by using low cooling
laser intensities (for confining large numbers of atoms at high density) in a DMOT
scheme, high signal-to-noise ratios for the fluorescence coupling can be achieved
as well as the freedom to use minimal input absorption beam powers. This leads
to the demonstration of non-linear effects in the cloud with very little laser power
expenditure.
Townsend et al. [?] published work in the mid 1990’s which demonstrated atom
densities of nearly 1012 cm−3 in a dark MOT for caesium. Prior to this work, no
report of similar density enhancements in MOTs for elements other than sodium
had been reported. The larger hyperfine splittings found in the ground states
of heavier alkali-metal atoms (such as caesium and rubidium) means that the
dark MOT technique is not as straightforward as it is for sodium which has much
smaller hyperfine level splittings. A rubidium atom will undergo many cooling
cycles (F = 3 → F ′ = 4) before falling to the dark ground state (F = 2) due
to spontaneous Raman processes. This cycling time can be shortened by using
additional ‘depumping’ light, tuned to the F = 3 → F ′ = 3 transition. The
depumping light is used to take advantage of the hyperfine structure splitting
between the two upper excited states (i.e. F ′ = 3 and F ′ = 4 are split by 120
MHz) and the lower ground state splitting (i.e. F = 2 and F = 3 are split by ≈
3 GHz). On the other hand, the probability for an Na atom to scatter from the
cooling cycle into the dark ground state unaided by depumping light is higher
than that for Rb to scatter from its cooling cycle to F = 2. Thus, this transition
must be forced with a depumper tuned to F = 3 → F ′ = 3. This increases
the probability of the bright F = 3 atoms to scatter to F = 2 due to selection
rules. The experimental setup described in [?] employed two hollow repumping
beams and a depumping beam to put the caesium atoms into the lower ground
state. The experimental setup used in the Quantum Optics Laboratory will be
described in the next section.
In this chapter, the work described was performed to see if improvements in den-
sity could be made for the MOT. Although it turns out that no density increase
was observed, characterisation experiments were perfomed to see if there were
effects in the DMOT from the ONF. In this work, only the spatial dark MOT is
considered.
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6.1 Experimental setup
The repump beam is initially expanded in a telescope setup to a diameter of 25
mm (see Figure ??). A separate unity magnification telescope is used to place a
shadow in the beam and project it on to the cold cloud. This setup is shown in
Figure ??; a glass slide with an opaque circle is placed near the focal point of the
telescope and aligned to create a hollow repump beam at the MOT. The circle
has a transmission of 10−4 as determined experimentally. If the circle were placed
in the beam without being incorporated in a telescope system, Fresnel diffraction
effects would occur at the trap centre. This would diminish the ability of the
perturbed dark region to collect atoms in the F = 2 state.
Repump beam 
Ø 25 mm 
PCX, f = 150 mm PCX, f = 150 mm 
To MOT 
Glass slide with 
opaque spot 
Figure 6.2: The hollow repump beam is created using a unity magnifier with an opaque
circle positioned near the centre of the two lenses. This imaging setup reduces Fresnel
diffraction in the beam at the position of the MOT.
For the rubidium atom, simply having a hollow repump beam is not enough
to generate a large dark state fraction [?]. In sodium, the splitting between
the ground state levels is small enough to ensure that off-resonant scattering
from the F ′ level to the lowest ground state occurs regularly over many cooling
cycles. In 85Rb, the splitting between the hyperfine levels of the ground state,
F = 2 and F = 3, is approximately 3 GHz and so a region of negligible repump
beam is simply not sufficient. In this setup, a depumping beam, tuned near
F = 3 → F ′ = 3, has been used to force many atoms into F = 2. In fact,
the depumper can be used on its own (with a normal repump beam) to reach a
moderate fraction of F = 2 atoms. The combination of the two allows one to
reach very dark MOTs. The complete energy level scheme with the three laser
frequencies is shown in Figure ??.
Rather than directing the repump beam along a path which copropagates with a
cooling beam (as described in previous chapters for different experimental work),
a separate path is used. The reason for this is due to the retroreflecting mirrors
in the cooling beam path. If the repump beam is aligned such that it passes
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F’=2 
F’=1 
F=2 
5 2S1/2 
5 2P3/2 
D2 780 nm 
C 
R 
F=3 
D 
Figure 6.3: Energy levels utilised in the dark MOT for 85Rb. ‘C’ is the cooling laser,
‘R’ is the hollow repump beam and ‘D’ is the depumping light.
centrally through the cloud, but reflects back off the retroreflecting mirror, in
general, the back-reflected dark spot does not align with the forward propagating
one. Thus, the dark MOT quality is greatly compromised.
To quantify how “dark” the trap is, Ketterle et al. [?] used the parameter p to
denote the fraction of atoms in the bright state,
p = Nb
Nb +Nd
(6.1)
where Nb is the number of atoms in the bright state, F = 3, and Nd is the number
of atoms in the dark state, F = 2. The fluorescence collected by the ONF is
proportional to the numbers of atoms in whichever state is being probed so p
is easily measurable from SPCM count rates. Additionally, p can be estimated
from the magnitude of the absorption dips. This is demonstrated in the following
section.
6.2 Free-space spectroscopy of the DMOT
A free-space probe beam is passed through the atom cloud to perform absorption
spectroscopy. The probe beam is dervied from a third ECDL (Toptica DL100)
operating in scanning mode and frequency tuned via its own saturated absorption
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spectroscopy setup. The beam, after passing through the cloud, is directed (in
freespace) to a Hamamatsu avalanche photodiode (model2: C5460-01). This is
not as sensitive as the SPCM but does have some advantages. The APD outputs
an analogue voltage signal proportional to the intensity of the light incident upon
it rather than a series of TTL pulses requiring a counting unit. This output can
be viewed and stored in the same manner as the photodiode signal for conven-
tional imaging techniques. Here, the output signal is sent to a PC where it is
monitored and recorded with a LabVIEW program (see Appendix B). This setup
is illustrated in Figures ?? and ??.
Mirror 
λ/4 plate 
Atom cloud 
Fibre to APD 
Free-space probe beam 
Collimator 
Horizontal 
MOT beam 
UHV chamber 
Hollow 
repump 
beam 
Depump beam 
Probe beam from ECDL3 
delivered via fibre 
Plano-convex lens 
Figure 6.4: Experimental setup for free-space spectroscopy on the DMOT.
As noted in the previous section, placing a shadow directly into the repumping
2The C5460-01 APD has a photoelectric sensitivity of −1.5× 108 V/W at λ=800 nm, and
a noise equivalent power of 0.02 pW/Hz1/2
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Fibre-coupled beam 
delivered to optical 
table 
Free-space beam 
delivered to MOT 
780 nm 
Vapour cell 
Mirror λ/2 plate Plano-convex lens Polarising beam-splitter Iris 
Photodiode Acousto-optic modulator 
Figure 6.5: SAS setup and optical preparation for ECDL3.
beam path leads to Fresnel diffraction at the atom cloud position. Of course,
one of the underlying restrictions in many laser cooling experiments is the design
of the vacuum chamber. In most setups, the beam path length for MOT beams
and probe beams must be large to accommodate the large chamber size. Figure
?? shows a spectrum collected for a bright MOT and a dark MOT generated
by simply positioning the shadow in the repumping beam. Here, only a small
percentage of the total population is transferred to the lower ground state.
A forced dark MOT (FDMOT) can also be created by applying the depumper to
the BMOT. Figure ?? shows the effect of blocking and unblocking the depumper,
which is tuned close to F = 3→ F ′ = 2 and has an intensity of 120 mW/cm2 at
the cloud. The DMOT actually allows more F = 3 atoms in the trapping region
than the FDMOT as the depump beam, when aligned correctly, only affects the
atoms which move into the dark repumping region. The DMOT is advantageous
in this case as the outer region feeds the inner dark region. In other words, having
a large population of F = 3 atoms around the F = 2 atoms is better for the atom
number throughout the cloud. Refer to Figure ?? to see the subtle differences
between both types of dark MOT.
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Figure 6.6: Normalised absorption profiles of the dark and bright MOT using a 4 mm
shadow placed directly in the repumping beam. Fresnel effects dominate the resulting
repump beam profile at the position of the cold cloud and diminish the shape and inten-
sity of the dark region. Thus, weak population transfer to F = 2 is observed as well as
a dramatic loss of atoms from the F = 3 state.
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Figure 6.7: By sending the depumping beam to the BMOT, a siginificant transfer of
atoms from F = 3 to F = 2 can be achieved. Probe beam intensity = 75 µW/cm2,
depump intensity = 120 µW/cm2 and the depump is tuned close to F = 3→ F ′ = 2.
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Figure 6.8: Comparison between FDMOT (black plot) and DMOT (red plot). Al-
though the FDMOT allows a large number of atoms to remain in F = 3, the DMOT is
advantageous as much lower p values can be achieved.
6.2.1 Effect of shadow shape and size on the DMOT
Three different shadow shapes were compared to see which was the most effective
at producing a DMOT. Figure ?? shows freespace spectra for (a) an elliptical
shadow and (b) a square shadow. The elliptical shadow does not match well
with the geometry of the MOT and a large loss in atom number is observed.
The square shadow is marginally better; not as many F = 3 atoms are lost with
the square DMOT compared to the elliptical DMOT. The circular shadow is the
optimal shape for a DMOT. Figure ?? shows the best combination of shadow
shape and dimensions.
6.2.2 Measurement of thermal velocity of DMOT with
transient absorption
The thermal velocity distribution of the cloud can be estimated using single pa-
rameter transient absorption [?]. This is a destructive method and relies on the
monitoring of a low-intensity probe beam passing through the cloud during free
expansion. These data are taken with the probe beam tuned to F = 2→ F ′ = 1
in the FDMOT with a range of depump powers. A 1 Hz repetition rate was used
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Figure 6.9: Two different shadow shapes showing influence of shape on populations
in different levels.
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Figure 6.10: Freespace spectroscopy of a BMOT (upper plot) and a well-optimised
DMOT (lower plot) created with a circular shadow in the repump beam. Unlike in
previous figures, the cooling transitions appear on the left-hand side in these plots.
for a 10 ms off/measurement time.
Figures ?? and ?? illustrate the disruptive effect which the depumping light
has on the MOT. The velocity distribution increases with increasing depumping
intensity levels. These data are purely illustrative as the probe beam dimensions
are not precisely known. Thus, temperatures cannot be readily extracted from
the transient curves. However, the effect of the depumper on the MOT is clear
from the curves. Knowledge of the number of atoms in the laser-cooled sample
would allow estimation of T via fitting the first derivative of the transient curve
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using the derivative of
I
I0
= exp
 σN
pi
(
t2mv¯
2 + tmv¯
√
4t2mv¯2 − 2σNpi + v¯2t2
)
 , (6.2)
where v¯ is the parameter to be determined. Thus, T can be calculated with
T = mv¯/3kB.
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Figure 6.11: Transient absorption of a FDMOT for varying depump powers: 4
mW/cm2 (black, solid line), 550 µW/cm2 (red, dashed line), 40 µW/cm2 (blue, dotted
line). The probe beam is tuned to F = 2→ F ′ = 1.
6.3 Characterising the DMOT with an ONF
By using beam stops to block and unblock the depumper and/or the repump
probe, the different populations of atoms in F = 2 and F = 3 can be probed. In
the previous section, a probe beam generated by an ECDL was used. From this
section onwards, the probe beam is derived from the repump beam of the MOT
and aligned, in free-space, with the centre of the atom cloud (Figure ??). The
frequency of this probe beam is fixed with an AOM and tuned to the repump
transition of 85Rb. Additionally, to facilitate rapid swapping from a DMOT to a
BMOT, the shadow in the optical path of the repump MOT beam can be easily
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Figure 6.12: Transient absorption of a FDMOT for varying depump powers: 6
mW/cm2 (black, solid line), 800 µW/cm2 (red, dashed line), 40 µW/cm2 (blue, dotted
line). The probe beam is tuned to F = 3→ F ′ = 3.
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Figure 6.13: Transient absorption of a FDMOT for a 40 µW/cm2 depump beam. The
probe beam is tuned to 3-3’. The peak of the derivative occurs at 1.18 ms.
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unclipped from its holder and removed.
O N F 
ONF 
Cold 85Rb cloud 
(DMOT) 
SPCM 
Coupled fluorescence 
from cloud 
Depump beam 
Probe beam 
(tuned to repump 
transition) 
UHV chamber 
Figure 6.14: The experimental setup used to study the DMOT with the ONF. The
probe beam in this case is derived from the repump MOT beam and frequency tuned
to the repump transition of 85Rb. The probe is aligned with the centre of the cloud so
that the central dark region can be illuminated when the DMOT is in use. The hollow
repump MOT beam and the depumper are used in the same way as in the previous
sections.
Figure ?? shows two loading curves: the upper (black) plot is for a BMOT and
the lower (red) plot is for a DMOT. The DMOT in this instance has no depumper
shining on it and, thus, it is not extremely dark (i.e. p is not very low). This
explains why the resulting coupling is relatively large (∼ 750 counts/5 ms gate)
compared to the coupling from the BMOT (∼ 2000 counts/5 ms gate). The
steady state count rate for both curves is proportional to the number of atoms in
F = 3 although, the distribution of atoms between both hyperfine ground states,
F = 2 and F = 3, is different in each case. However, these two sets of data are
not enough to determine the population of each ground state or how dark the
DMOT is (i.e. the value of p). To determine what the value of p is with the
SPCM and ONF, three different fluorescence levels produced by different laser
beam configurations must be recorded and analysed. This will be discussed in
the following section.
Figure ?? shows two different sets of data. The upper plot shows the fluores-
cence signal from a DMOT created using just the hollow repump beam (i.e. no
depumper is being used). The fluorescence level from this DMOT is 1750 counts/5
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Figure 6.15: This plot shows the residual fluorescence coupling that can be obtained
with a DMOT of modest p value. The background level is approximately the same in
both cases. Small variations are typical of that from laser drift over many tens of
seconds (the time in which it takes to either remove or replace the dark spot into the
optical path to change from DMOT to BMOT and vice versa).
ms. By shining the probe beam on the DMOT, the dark shadow in the repump
beam can be “filled in.” In this plot, the probe beam is switched on for 100 ms
every 1 second to produce the periodic spikes in the signal. The peak fluores-
cence level due to the “filling in” action of the probe beam is approximately equal
to the steady-state fluorescence level of the BMOT which is shown in the lower
plot (Figure ??(b)). This BMOT is created simply by removing the dark shadow
from the MOT repump beam. There is a small discrepancy between the steady
state fluorescence level seen from the BMOT and the level of the peaks from the
probed DMOT. This can be atributed to misalignment of the probe beam and/or
a small loss in atom number due to the placement of the shadow in the path of
the repump beam.
The presence of the depumper in the DMOT is investigated with the ONF+SPCM
in Figure ??. The upper left panel displays a loading curve for a DMOT created
with a hollow repump beam and no depumer. This is qualitatively the same type
of plot shown in Figure ?? (red curve). The experimental loading curve in Figure
??(a) is highlighted by a red theoretical growth curve for clarity because the signal
to noise ratios are poor for such dark clouds (i.e. a DMOT with low p is equivalent
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Figure 6.16: The upper plot is the fluorescence from a DMOT created with just a
hollow repump beam and with no depumper present. A probe beam (tuned to the repump
transition) illuminates the dark region of the DMOT for 100 ms every 1 second to
produce the spikes in the coupling signal. The probe beam “fills in” the hollow section
of the repump beam to recreate the laser configuration of a BMOT. The lower plot shows
the fluorescence signal from the same MOT configuration with the shadow removed from
the repump beam. There is a small discrepancy between the steady state fluorescence
level seen from the BMOT and the level of the peaks from the probed DMOT. This can
be atributed to misalignment of the probe beam and/or a small loss in atom number due
to the placement of the shadow in the path of the repump beam.
to a BMOT with low atom number, NA). Figure ??(b) shows that the background
level of the DMOT (125 counts/2 ms) is about the same as the background level
when the magnetic field of the MOT is switched off (so that no cloud can form).
During the 100 ms while the depumper is off, the fluorescence level recovers to
∼ 275 counts/2 ms, matching the steady-state level of the signal in the upper
left panel (Figure ??(a)). The two lower panels of Figure ?? introduce the probe
beam. On the lower left (Figure ??(c)), the signal from the DMOT is recorded
while two things happen simultaneously: as before, the depumper is sequenced to
switch off for 100 ms every 1 second. In addition, during this 100 ms, the probe
beam is switched on. The simultaneous absence of the depumper and presence of
the probe beam (acting as a “filling in” beam) recreates a BMOT for the atoms.
For this particular set of data, the steady-state fluorescence of the BMOT was
recorded and found to be approximately 1300 counts/2 ms. This matches quite
well with the observed fluorescence level obtained during each ‘spike’ in Figure
??(c). Finally, the lower right panel, (d), shows the solo effect of the probe beam
107
on the DMOT. In Figure ??(d), the depumper is blocked and the probe beam is
sequenced to switch on for 100 ms duration every 1 second. The background level
count rate is approximately the same as the count rates reached by the peaks in
Figure ??(b), i.e. 275 counts/2 ms.
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Figure 6.17: A series of data sets for the DMOT under different conditions. (a)
A loading curve for a DMOT which was created with a hollow repump beam and no
depumper. The experimental loading curve is highlighted by a red theoretical growth
curve. The steady-state fluorescence level after loading is between 250 and 300 counts/2
ms. (b) This DMOT is created with a hollow repump beam (as in (a)) and a depumper.
The depumper is sequenced to switch off for 100 ms every 1 second. This results in
the spikes in the fluorescence signal up to ∼ 275 counts/2 ms, matching the steady-
state level of (a) thus showing the effectiveness of the depumper. (c) the same DMOT
as in (b) with the same depumper sequencing. In addition, the probe beam (tuned to
F = 2→ F ′ = 3) is aligned with the dark region of the cloud and is switched on for 100
ms (using an AOM) at the same time that the depumper switches off. Thus, the probe
beam acts as a “fill in” beam which allows a BMOT configuration to be recreated for
100 ms. The maximum fluorescence level reaches 1300 counts/2 ms. (d) The DMOT
in this dataset is created with the hollow repump beam only. The depumper is blocked
and the probe beam follows the same sequence as that for (c). The presence of the
probe beam generates a spike in the fluorescence signal as it acts to repump many of
the atoms in F = 2 to F = 3. By taking the ratio of the baseline counts in (a) to the
peak heights in (c), the value for p is determined to be ∼0.10. However, by including
the depumper, p is determined using the baseline of (c) (green line): 50/1150∼0.04.
As mentioned earlier, to estimate p from the ONF setup, two sets of data are
taken. These two datasets can be found in Figure ??(a) and (c). Figure ??(a)
shows the fluorescence count rate through the ONF for a loading DMOT created
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with a hollow repump beam (no depumping beam). At ∼7.5 s, the magnetic field
is switched on and the DMOT loads. The fluorescence level increases from 125
counts/s (blue line - background) to approx. 275 counts/2 ms due to the residual
bright atoms in the DMOT, i.e. the F = 3 atoms contribute 150 counts/2 ms to
the signal. This is the numerator of p (Equation ??) for the DMOT created with
just a hollow repump beam. In Figure ??(c), the fluorescence signal is recorded
for a DMOT which is created with a hollow repump beam and depumper. This
yields the baseline count rate of 175 counts/2 ms (green line) and, thus, the
numerator of p in this case is 50 counts/2 ms. Furthermore, in this plot, the
probe beam is added to the optical configuration. This probe beam is tuned to
the repumping transition of 85Rb and aligned with the dark region of the cloud.
Thus, it “fills in” the dark central region of the doughnut-shaped repump beam,
thereby recreating a standard BMOT configuration. The probe switches on for
100 ms at 1 Hz repetition rate, while the depumper switches off at the same time
and rate. The observed spikes in the fluorescence count rate (∼1150 counts/2
ms) coupled to the ONF is from atoms in both the ground state hyperfine levels,
F = 2 and 3. This is the denominator of p. By taking the ratio of the baseline in
Figure ??(b) (i.e. the red line) to the peak counts in Figure ??(c), and correcting
for the background level (the blue line), the value for p is calculated as ∼0.1.
However, with the inclusion of the depumper, p becomes 50/1150=0.04.
6.3.1 DMOT loading times
Loading curves can be analysed for the DMOT and BMOT via the ONF. Figure
?? shows a loading curve for a BMOT (upper panel) and a loading curve for a
DMOT (lower panel). The BMOT curve yields a loading rate, RB, of 15.4× 104
counts/s by fitting it with N(t) = R/Γ
(
1− e−Γt
)
where Γ = 1/τ is the collisional
loss rate in the MOT (Equation ??). The curve in the lower panel is the loading
curve for a DMOT which has been created with a hollow repump beam and a
depumper. The spikes in fluorescence occurring at 1 Hz (for a 100 ms duration)
are due to the simultaneous switching off of the depumper and switching on
the probe beam. As discussed previously, these conditions (no depumper and
probe on) recreate the conditions for a BMOT and provide a measurement of
the denominator of p. These peaks in the DMOT curve reach values of ∼1×105
counts/s, matching the steady state count rate of the upper (BMOT) loading
curve. The baseline curve of the DMOT plot represents the loading curve of the
fraction of F = 3 atoms present in the DMOT. The DMOT does not help the
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loading process so the loading rate cannot be larger in the DMOT than in the
BMOT. In Figure ?? we see that the loading rate of the DMOT, RD, is ≈0.2RB.
For this DMOT, p=0.22.
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Figure 6.18: The upper panel shows a typical BMOT loading curve with a loading
rate of 15.4×104 counts/s. The red curve is the theoretical loading curve fit, N(t) =
R/Γ(1−e−Γt), to the experimental data (black plot). The lower plot is the loading curve
of a DMOT created with a hollow repump beam and a depumper. The spikes in the
signal are due to the simultaneous switching off of the depumping beam and switching
on of the probe beam. These spikes are then due to the atoms in both F = 2 and F = 3
as discussed in the previous section. The baseline (blue line) represents the loading
curve of the residual bright (F = 3) atoms in the DMOT. In this case, p = 0.22. As
the DMOT does not aid the loading process, the loading rates in both cases differ by an
order of magnitude.
Loading rates for the BMOT and DMOT can be explored by varying the cooling
laser intensity and recording the same data as shown in Figure ?? for each Ibeam.
This study is shown in Figure ??. The DMOT loading rate, RD, is consistently
lower than the BMOT loading rate RB. The change in RD can be also be exa-
mined as a function of p. In Figure ??, p is varied (using different depumper
intensities) over the range 0.08 to 0.50. The loading rate of the DMOT decreases
for lower p values as expected [?]. The error in both RD and p in this plot is due
to the SPCM signal noise.
110
 B M O T  l o a d i n g  r a t e ,  R B D M O T  l o a d i n g  r a t e ,  R D L i n e a r  f i t  t o  B M O T  l o a d i n g  r a t e  t r e n d L i n e a r  f i t  t o  D M O T  l o a d i n g  r a t e  t r e n d
2 3 4 5 6 70 . 0
5 . 0 x 1 0 4
1 . 0 x 1 0 5
1 . 5 x 1 0 5
2 . 0 x 1 0 5
 
 
Loa
ding
 rat
e (c
oun
ts p
er s
eco
nd)
C o o l i n g  l a s e r  i n t e n s i t y  p e r  b e a m ,  I b e a m  ( m W / c m 2 )
Figure 6.19: The red (black) data points show the trend in loading rates for the BMOT
(DMOT) while varying the cooling laser intensity. As the hollow repump beam and the
depumper do not help the loading process, the loading rates for the DMOT are lower
than those of the BMOT. Linear fits have been applied to each series as a guide to the
eye. The error bars are calculated from the loading curve fits.
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Figure 6.20: Loading rate, RD, for a DMOT (created with a hollow repump beam and
a depumper) as a function of p. The error in both RD and p in this plot is due to the
SPCM signal noise.
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6.3.2 Effect of cooling laser intensity on the DMOT
Townsend et al. [?] report slightly reduced values of p for reduced cooling beam
intensity. This trend is explored with an ONF in Figure ??. One reasoning behind
the approximately constant behaviour of Figure ?? is that, while the cooling laser
intensity increases, both the bright and dark regions of the DMOT will experience
the same increase in NA. This implies that the ratio of the numbers of atoms
in F = 2 and F = 3 will remain the same. This measurement took place over
four hours so some uncertainty in the data is due to long-term laser power drifts
which generate different noise levels in the fluorescence signal. With a high-
transmission ONF having a radius fulfilling k0a = 1.45, and improvements to
the laser stability and output power, it should be possible to measure p values
for IMOT = Isat (where IMOT = 6Ibeam) and even below this to much greater
accuracy.
2 3 4 5 6 70 . 0 0
0 . 0 5
0 . 1 0
0 . 1 5
0 . 2 0
0 . 2 5
0 . 3 0
0 . 3 5
0 . 4 0
 
 
p
C o o l i n g  l a s e r  i n t e n s i t y  p e r  b e a m ,  I b e a m  ( m W / c m 2 )
Figure 6.21: Variation in p with increasing cooling laser intensity. The trend is
approximately linear and nearly constant. The error for each data point represents the
quality of the fluorescence coupling signal during each dataset.
6.4 Conclusion
In conclusion, this work examined the implementation of a DMOT in order to
circumvent the density-limitations of a BMOT. The low density of atoms in a
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BMOT is a property that is limited by (a) reabsorption of emitted photons within
the cloud, and (b) collisions between F and F ′ atoms which lead to kinetic losses.
For the ONF, this is a major consideration. If one wishes to do an absorption
experiment, by encouraging as many atoms as possible to fill the evanescent
region around the ONF, the signal quality will improve dramatically. Although
there will still be collisional loss in a DMOT (unless p = 0), the reabsorption
of scattered photons is no longer a dominant problem. By packing more atoms
in closer to the ONF surface, the evanescent field of a probe beam is easily
absorbed by nearby atoms. A cloud density improvement is therefore critical for
high optical density, allowing non-linear demonstrations such as EIT and slow
light [?, ?, ?, ?]. The DMOT was created with a hollow repump beam and an
additional depumping beam. The DMOT was characterized with a free-space
probe beam using absorption spectroscopy and probed with an ONF. Loading
rates of the DMOT were measured and compared with those of the BMOT. For
lower p values, the loading rate of the DMOT was correspondingly lower because
the presence of the hollow repump beam and the depumer does not aid the loading
process. The variation in p for different cooling laser intensities was measured
via the ONF, with slightly lower values of p obtained for the lower intensities.
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Chapter 7
Atomic absorption studies with
an ONF
The strong evanescent field surrounding the waist of a sub-wavelength tapered
fibre when light propagates through it allows light-matter interaction, not only
with surface-adsorbed species and micro-particles in solution, but also with media
surrounding the fibre. In-fibre spectroscopy can be performed on hot and cold
atomic vapours. In the case of a hot vapour, transit-time broadening results
in significantly broadened lineshapes as a thermal atom will pass through the
evanescent field in under 1 nanosecond. This effect is reduced in a cold atomic
gas. Here, where thermal velocities are of the order of a few centimeters per
second, the atoms transit the evanescent field in much longer times (∼ a few µs)
allowing increased spectral sensitivity [?].
This chapter is largely concerned with the optical density (OD) of the cloud of
85Rb atoms.The OD describes how optically thick a medium is: the more opti-
cally dense a material is, the slower an electromagnetic wave will move through
that material. An optically dense atom cloud is desirable in many experiments,
not least because it can enhance the signal-to-noise ratio of even the weakest
transition in high-precision spectroscopy. In particular, for the ONF-cloud sys-
tem, a significant increase in the efficiency of low-light-level nonlinear optics can
be achieved with high OD. Also, a light pulse can be entirely stored only in a
medium with a large enough OD in the experiments of storage and retrieval of
light [?, ?, ?].
In the multiple scattering regime of the MOT [?, ?], as the number of trapped
atoms increases, the atomic density remains fixed and the spatial dimensions of
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the atom cloud increases with N1/3. Hence, a factor 2.7 increase in the OD would
require a factor of 20 increase in the atom number [?]. In general, for fluorescence
coupling studies, atom number is significant rather than simply the cloud density.
However, for ONF absorption, it is the cloud density which should be maximised.
Practically, the atomic cloud size will not be as small as the evanescent field
volume so atom number is not the critical parameter.
Whereas in previous chapters the focus has been on neff, which is the number of
atoms contributing to the fluorescence that is coupled to the guided mode of the
ONF, here the quantity Neff is introduced to measure the number of atoms in the
evanescent field of the probe beam. Only a fraction of Neff will experience van
der Waals interactions as the spatial reach of the van der Waals force is ∼ λ/10.
Generally, for ONFs with large diameters (780 nm < d <1.5 µm) the value of neff
will be larger than that of Neff. The inverse becomes true for very small diameter
ONFs where the evanescent field becomes large in spatial extent and intensity
thereby reaching more and more atoms in the cloud (see Figure ??).
In this chapter, an outline of our current work on absorption techniques is dis-
cussed. With the inherent limitations of our fibre pulling rig, these results indicate
the potential of the technique rather than a complete study. We compare our own
results with those found theoretically and the work done by a handful of other
international groups.
7.1 Theoretical background
For light to be confined in the core of an optical fibre, the field must be evanes-
cent in the cladding. This is true for core-clad fibre and for ONFs where the
cladding is the vacuum. This implies that there must be (a) a decaying function
in the cladding, and (b) the solution in the core needs to be continuous and finite
everywhere. The fields are summarised as follows: (see Appendix A, [?] and [?])
In the core, r < a,
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Er =
−iβ
h2
[
AhJ ′l (hr) +
iωµ0l
βr
BJl(hr)
]
ei(lφ+ωt−βz) (7.1)
Eφ =
−iβ
h2
[
il
r
AJl(hr)− ωµ0
β
BhJ ′l (hr)
]
ei(lφ+ωt−βz) (7.2)
Ez = AJl(hr)ei(lφ+ωt−βz) (7.3)
Hr =
−iβ
h2
[
BhJ ′l (hr) +
iω0ncorel
βr
AJl(hr)
]
ei(lφ+ωt−βz) (7.4)
Hφ =
−iβ
h2
[
il
r
BJl(hr)− ω0ncore
β
AhJ ′l (hr)
]
ei(lφ+ωt−βz) (7.5)
Hz = BJl(hr)ei(lφ+ωt−βz). (7.6)
In the cladding (or vacuum, in the case of the ONF), r > a,
Er =
iβ
q2
[
CqK ′l(qr) +
iωµ0l
βr
DKl(qr)
]
ei(lφ+ωt−βz) (7.7)
Eφ =
iβ
q2
[
il
r
CKl(hr)− ωµ0
β
DqK ′l(qr)
]
ei(lφ+ωt−βz) (7.8)
Ez = CKl(qr)ei(lφ+ωt−βz) (7.9)
Hr =
iβ
q2
[
DqK ′l(qr) +
iω0ncladl
βr
CKl(qr)
]
ei(lφ+ωt−βz) (7.10)
Hφ =
iβ
q2
[
il
r
DKl(qr)− ω0nclad
β
CqK ′l(qr)
]
ei(lφ+ωt−βz) (7.11)
Hz = DKl(qr)ei(lφ+ωt−βz). (7.12)
In the equations above, 0 is the permittivity of free space and A, B, C and D
are constants to be determined via boundary conditions. By requiring the fields
tangential to the core/cladding boundary to be continuous, a set of simultaneous
equations for A, B, C and D are found,
AJl(ha)− CKl(qa) = 0
A
[
i(±l)
h2a
Jl(ha)
]
+B
[
−ωµ0
hβ
J ′l (ha)
]
+ C
[
i(±l)
q2a
Kl(qa)
]
+D
[
−ωµ0
qβ
K ′l(qa)
]
= 0
BJl(ha)−DKl(qa) = 0
A
[
ω1
hβ
J ′l (ha)
]
+B
[
i(±l)
h2a
Jl(ha)
]
+ C
[
ω2
qβ
K ′l(qa)
]
+D
[
i(±l)
q2a
Kl(qa)
]
= 0.
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A non-trivial solution exists only when the determinant of these coefficients van-
ishes and this yields the dispersion equation (see Equation ??), which determines
the propagation constant, β. The field equations also allow modelling of the field
inside and outside the fibre. For each value of the ONF radius, a value for the
propagation constant can be calculated (see Figure ??). Figure ?? shows the in-
tensity distribution inside and outside the ONF for four different radii. For very
small ONF diameters, the evanescent field has an extremely large spatial extent
and high intensities. Although an evanescent field does exist for larger diameters
(e.g. for an ONF with diameter of ∼1 µm), it is of low intensity and has small
spatial extent. To deliver a probe beam (evanescent field) to atoms surrounding
an ONF, the probability of atomic absorption by many atoms is enhanced if one
uses small diameter ONFs.
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Figure 7.1: A plot of propagation constant, β, versus the radius, a, of the ONF for
ncore = 1.4537 and nclad = nvacuum = 1, λ = 780 nm.
Absorbance, or optical density (σ), is the logarithmic ratio between the radiation
incident on a material and the radiation transmitted through a material,
A = σ = −ln(T ) = −ln
(
Ion
Ioff
)
(7.13)
where Ion is the intensity of the light that has passed through the material (trans-
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Figure 7.2: The intensity of the HE11 mode along the radial direction in four different
ONFs. The black, solid line is the intensity inside the ONF and the red, solid line is
the intensity distribution that exists in the vacuum.
mitted radiation), and Ioff is the intensity of the radiation before it passes
through the material (incident radiation). Specifically, for our measurements,
these quantities refer to the power level of the probe beam when the MOT is on
and when it is off, respectively.
The absolute absorption is found by dividing the intensity of the probe signal
while the MOT is on by that when the MOT is off, and subtracting from 1, i.e.
1− T = 1− (Ion/Ioff ). A plot showing both quantities for the same set of data
is displayed in Figure ??.
7.2 Experimental Procedure
The MOT is created in the usual way and the cloud is aligned around the ONF
using the imaging and detection methods described in Section 5.1. Generally,
atom numbers and cloud densities are of modest values: 107 atoms and 1010
atoms/cm3, respectively. Figures ?? and?? show the setup used for triggering
the data acquisition for single-photon absorption. A square wave generator was
used to switch the probe beam on and off before it entered a double-pass AOM
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Figure 7.3: Absorbance (optical density) and normalised absorption curves for a par-
ticular set of data. The optical density reaches a peak of about 0.8. The absolute
absorption is 0.55. The Neff for this experiment was approximately 1.5.
system – see Figure ??. To ensure that the spectroscopy is performed while the
cooling laser and repump laser are off, the square wave generator was also used to
supply 0 V or +1 V to the AOM drivers for the cooling and repump laser. After
adjusting the time delay, the cooling beam and repump beam were shut off while
the nanofibre probe beam was ramped across the 85Rb cooling transition (see
Figures ?? and ??). An avalanche photodiode (APD) was placed at the opposite
end of the fibre and the output signal was sent to a PC.
The nanofibre probe beam was prepared by coupling a small percentage of the
zero-order cooling beam into a double-pass AOM setup [?] (??). This was neces-
sary because AOM1, on its own, was not sufficient to frequency shift the probe
beam to the vicinity of a hyperfine transition in 85Rb (see Figure ??). To reach
F=3→4’ while remaining locked to the crossover peak of (2,4), a frequency shift
of 92 MHz is needed. Additionally, to scan around this transition it is necessary
to shift from 72 MHz to 112 MHz (or some reasonable range to obtain a clear
signal and background).1 The resulting probe beam was then scanned across the
1It is also possible to lock the cooling laser to the (3,4) crossover and then shift the probe
beam from 40 MHz to 80 MHz, for example. This was not feasible in our setup as the highest
efficiency (>75%) of AOM1 lies in the mid-voltage (3-7 V) range and we want to avoid using
very low detunings of around 40-50 MHz for the high quality MOT beams. Additionally, that
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Figure 7.4: Triggering scheme used for single-photon absorption experiments. SWG
= square wave generator, RG = ramp generator, AOM = acousto-optic modulator,
DAQ = data acquisition card, PD = photodiode. The SWG is triggered internally and
is used directly to switch off and on the MOT beams while simultaneously switching on
and off the probe frequency scan. Using a LabVIEW programme the APD is triggered
with the SWG AB output through a DAQ board. The resulting sequence is shown in
Figure ??.
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Figure 7.5: Timing scheme for single-photon absorption generated by the setup dis-
played in Figure ??.
cooling transition of 85Rb from -30 MHz to +60 MHz. This was achieved by
applying a sawtooth voltage signal to the AOM VCO (voltage controlled oscilla-
would require the probe beam to be obtained in single-pass mode through the AOM which
introduces angular changes during the frequency ramp.
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tor) to ramp the beam detuning across the transition frequency. A typical power
spectrum and the VCO ramp that generates it is shown in Figures ?? and ??.
AOM1 AOM2 
PBS Cooling laser 
+1 order 
to MOT 
beams 
+1 order 
(probe 
beam) to 
ONF 
Beamstop 
Beamstop 
Mirror 
λ/4 
PCX PCV PCX 
Figure 7.6: Double-pass AOM setup. PBS = polarising beam splitter, PCX = plano-
convex lens, PCV = plano-concave lens.
0 . 0 0 0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2
1 . 4
6 0 . 5  M H z
3 1 . 5  M H z
2 9  M H z
3 1 . 5  M H z
( 3 '→4 ' ) c o
( 2 '→4 ' ) c o
( 2 '→3 ' ) c o
3 →4 '
3 →3 '  
 
PD
 sig
nal 
(V)
T i m e  ( s )
3 →2 '
3 1 . 5  M H z
Figure 7.7: Hyperfine spectrum of the cooling transition of 85Rb indicating relative
frequency positions of the transitions from F=3→F’=2,3,4. The x-axis, represented in
time here, is a linear scan of PZT voltage which scans the ECDL frequency over this
spectrum in 50 ms (se Chapter 2 for full details).
The probe beam was coupled from free space to the pigtail of the ONF. The
double-pass setup had to be resilient to angular movement of the probe beam
during the frequency scan of the AOM. The power of the probe beam as a function
of detuning (i.e. the intensity variation of the coupled signal during the ramp)
was indicative of the quality of the double-pass setup and thus the free-space
coupling of the probe into the ONF.
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Figure 7.8: As the VCO voltage is ramped from zero to 10 V (see inset) the probe
beam undergoes a change in diffraction coupling efficiency through the double-pass setup.
This power curve is maximum around the mid-voltage values, where absorption on the
F=3→4 transition is expected to be observed.
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Figure 7.9: AOM calibration curve for probe beam detuning.
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To perform a single photon absorption experiment as a function of probe beam
detuning, the magnetic field for the MOT was switched on and a number of
data sets were accumulated successively and averaged, while the probe beam was
ramped from negative to positive detuning. The magnetic field and rubidium
source were then switched off to record a set of reference signals. By comparing
the probe signal while the MOT was on to that when it was off the transmission
profile could be obtained.
7.3 Results
A comprehensive example of the experimental data obtained is shown in Figure
??. An asymmetric absorbance profile centred on the cooling transition of 85Rb
is observed and this is shown by the blue data points and the solid black line in
Figure ??. To calibrate the x-axis of this plot in terms of probe beam detuning,
the AOM calibration curve (Figure ??) was used to map the AOM VCO to values
of frequency in MHz.
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Figure 7.10: Transmission data from a single photon absorption experiment using an
input probe beam power of approximately 125 pW. The upper two lines (dot-dash red
and dashed black) show the absorption of the probe beam by the cold atoms surrounding
the nanofibre. The blue scatter plot is the absorbance, i.e. the negative logarithm of
the transmission, T (i.e. MOT on / MOT off). The x-axis is calibrated in terms of
positive and negative detuning centred on the peak of the absorbance plot. The black
solid plot is a Lorentzian fit to the absorbance.
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The Lorentzian fit for the spectrum in Figure ?? yields an estimation of (11± 1)
MHz for the linewidth, γ. This is significantly larger than the natural linewidth
of 6 MHz for the cooling transition in 85Rb. In this case, the input probe beam
power was approximately 125 pW. By varying the input power, a variation in
linewidth is evident as demonstrated in Figures ?? and ?? below. Even with low
probe beam powers, large intensities of this light will exist at the nanofibre waist
allowing the electronic transition to be easily saturated. With larger saturation
parameters, S0, the linewidth will be broadened according to γ
√
1 + S0. Thus,
with lower probe powers and suitable detectors, it is possible to retrieve lineshapes
which are almost free from power broadening.
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Figure 7.11: Data for cold atom absorption. The lower curves show the probe trans-
mission while the MOT is off (red, dash-dot curve) and while the MOT is on (black,
dash curve) and are linked to the left y-axis. The probe beam input power = 150 pW.
Absorbance plot (blue data points and solid, black fit linked to the right y-axis) shows a
FWHM = (12±1) MHz.
In [?] the measured linewidths for caesium approach 6.2 MHz for vanishing pow-
ers. This result exceeds the natural Cs D2 linewidth in free space by almost 20%.
This broadening can be explained by surface interactions, i.e., the van der Waals
shift of the Cs D2 line and the modification of the spontaneous emission rate of
the atoms near the fibre.
One would expect to observe inhomogeneous broadening on the red side of the
absorbance spectrum (see Chapter 4). In our system, the evanescent coupling
region extends from the nanofibre surface radially outwards to a distance of about
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Figure 7.12: Data for cold atom absorption. The lower curves show the probe trans-
mission while the MOT is off (red, dash-dot curve) and while the MOT is on (black,
dash curve) and are linked to the left y-axis. The probe beam input power = 273 pW.
Absorbance plot (blue data points and solid, black fit linked to the right y-axis) shows a
FWHM = (18±1) MHz.
300 nm. On the other hand, the van der Waals interaction is dominant for a
fraction of this distance – up to λ/10 from the nanofibre surface. The spatial
1/e extent of the evanescent field is approximately 70 nm for a 500 nm ONF
(see Figure ??). The corresponding hollow cylinder volume is 3.8×10−10 cm3
and Neff = 4. Thus, one can assume that four atoms are contributing to the
absorbance lineshape and, as they are within λ/10 nm of the surface, they may
experience van der Waals interactions with the ONF. All atoms which are within
the evanescent field have some finite probability of coupling to the nanofibre.
Only four of those atoms are within the region of significant surface interactions
and contribute to an asymmetric lineshape. With a hollow cylinder volume of
2.3×10−9 cm3 (using the full extent of the evanescent field, 300 nm), Neff is 23.
Thus, there are many more atoms outside the range of van der Waals interactions
which contribute to the lineshape. This leads to the observation of symmetric
profiles for “large” clouds.
In work by Nayak et al. [?], they estimate that there were 10 atoms near the
ONF. In that work, the probe laser power is ∼10 fW (∼25 nW/cm2), i.e. low
enough not to saturate the atoms. The absorption reaches 65% at the line centre
for a small number of atoms which implies that the photoabsorption for one
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atom is approximately 10%. Furthermore, this value is five times smaller than
the theoretically estimated value for one atom sitting on the nanofibre surface.
Therefore, the atoms may be located around 100 nm away from the surface (see
[?, ?, ?]).
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Figure 7.13: A plot showing the intensity of the HE11 mode inside and outside the
ONF. The evanescent field intensity approches zero around 600 nm, or 350 nm from
the surface of the ONF. The distance at which the initial intensity is reduced to 1/e
(37% of 1.56) is 320 nm from the surface.
Without knowledge of the ONF diameter, the true value of Neff is unknown and
values given here are speculation. Chapter 8 discusses the limitations of the fibre
pulling rig used in this work and how improvements will lead to prior knowledge
of the ONF diameter.
Lineshapes have been observed with various different broadenings as seen in Fig-
ures ??, ??, and ??. Between Figures ?? and ??, only the MOT beam alignment
was changed which indicates that the natural linewidth can be resolved easily
with correct cloud alignment. Furthermore, it is not clear what influences the
lineshape to exhibit blue or red-side broadening as seen in Figures ??-??.
7.4 Conclusion
In this chapter, the ONF has been used to carry a probe beam through the
central region of the cloud of cold 85Rb to probe the cooling transition absorption
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Figure 7.14: Left panel: Raw data for cold atom absorption. Right panel: Absorbance
profile. Linewidth is (18±4) MHz with 24% absorbance (25% absorption). This profile
shows red-side broadening. Input power 273 nW.
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Figure 7.15: Left panel: Raw data for cold atom absorption. Right panel: Absorbance
profile. Linewidth is (14±1) MHz with 83% absorbance (66% absorption). This line-
shape displays blue-side broadening. Input power is 120 nW.
spectrum. Absorbance levels of over 80% have been reached with a modestly
dense MOT (∼1010 atoms/cm3.). The width of the lineshapes was seen to vary
with MOT beam alignment and input probe power. The natural linewidth of the
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Figure 7.16: Left panel: Raw data for cold atom absorption. Right panel: Absorbance
profile. Linewidth is (5.7±0.2) MHz with 65% absorbance (50% absorption). This
lineshape displays blue-side broadening. Input power is 120 nW.
cooling transition, 5.7 MHz, was observed with an input beam of 120 nW.
To demonstrate absorption, small ONFs are necessary. For an ONF with radius
in the region of 100 nm, not only is the power carried in the evanescent field large,
but the spatial extent of the evanescent field is impressive. The primary issue in
creating these small waveguides is accurate fabrication.
This chapter also reports the first demonstration of in-ONF absorption spec-
troscopy of 85Rb – previously, similar demonstrations have been seen with Cs
[?, ?]. With advances in the fibre pulling rig, ONF absorption could be de rigueur
for this experimental work as it offers not just the possibility of probing the atom
cloud anywhere within the MOT boundaries, but also the ability to probe a
specified number of atoms (by changing MOT parameters).
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Chapter 8
Conclusions, Limitations and
Proposals
In this final chapter, a conclusion which summarises this work and its context
in the field is given followed by a number of experimental proposals. The foun-
dation of these proposed studies is the optical nanofibre: the ability to fabricate
a high-transmission ONF with a particular waist diameter is paramount to the
development of cold atom + ONF experiments.
8.1 Conclusion
The body of work presented in this thesis focused on the integration of optical
nanofibres (ONF) with a laser-cooled sample of 85Rb atoms. This atom+nanofibre
system was investigated experimentally and theoretically. Cold 85Rb atoms were
produced with a magneto-optical trap (MOT) in ultra-high vacuum (Chapter 2).
The MOT is now a well-established tool for producing cold atomic samples with
sub-Doppler temperatures less than 1 mK. To configure the MOT, three orthogo-
nal laser beams of equal intensity were retro-reflected upon each other to form an
intersection of six cooling beams. These beams then converged at the zero point
of a quadrupole magnetic field, within a vacuum chamber, where the cold atom
cloud was formed from a background vapour of rubidium. The resulting cloud
was found to have a temperature in the range of 100-900 µK depending on MOT
parameters, a diameter of 1.5 mm and a steady-state population of 108 atoms.
Usually, free-space probe beams and external imaging devices are used to mea-
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sure typical MOT characteristics. The final section in Chapter 2 describes a
high-quality imaging objective for applications involving imaging atomic clouds
produced in MOTs. This work shows how ONFs can be used extremely effectively
as probes in the atomic sample to investigate parameters such as trap loading
times, density and temperatures. The nanofibre probe not only allows better
understanding of the operation of a MOT, but may also act as a tool in quantum
technologies. The principle behind the integration of the nanofibre and atomic
cloud is that, provided the nanofibre diameter is suitably small (i.e. of the order
of the wavelength of light it should carry and less), the fluorescence from the cold
atoms can couple to the guided mode of the nanofibre. Placing a detector at
either end of the nanofibre allows one to record the photon counts or fluorescence
signal from the atom cloud at the nanofibre. The number of coupled photons
is related to the atomic density of the atom cloud in the vicinity of the fibre.
The optical nanofibres were fabricated from commercially-available, single-mode
optical fibre using a heat-and-pull technique. Chapter 3 describes the setup in
detail. A clean and stable oxygen-butane flame is used to heat the fibre while it
is being controllably stretched. This has the effect of reducing the diameter of
the heated region. Using this technique, fibres with transmissions of up to 99%
and diameters approaching just 100 nm have been fabricated.
A comprehensive theoretical study of the surface interactions between the nanofi-
bre and surrounding cold atoms was presented in Chapter 4. This work demon-
strates that the signatures of the van der Waals and the Casimir-Polder interac-
tions can be found in the fluorescence emission spectrum of the cold 85Rb placed
near the nanofibre. To the author’s best knowledge, this work is the first com-
prehensive study of the Casimir-Polder effect in this system. The fluorescence
spectrum from the cold atoms displays a red-shift of the peak as well as red-side
broadening. The physical interpretation of this asymmetric broadening effect is
not yet fully understood. The van der Waals force dominates in the region from
the nanofibre surface out to a radial distance of ≈ λ/10 and then the Casimir-
Polder force becomes important. However, the spectrum itself is broadened and
shifted primarily by the van der Waals interaction. As shown for the first time for
the 133Cs-ONF and 85Rb-ONF system, the inclusion of the Casimir-Polder effect
introduces very little additional broadening and adds a small blue-shift on to the
red-shift of the spectrum. These interactions are stronger for smaller clouds with
radii approaching that of the nanofibre.
In Chapter 5, a number of experiments were carried out using the nanofibre to
collect the fluorescence from the cloud. The procedure of cloud-nanofibre align-
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ment is carried out with a pair of CCD cameras and an SPCM. The relationship
between the coupling efficiency and the size of the nanofibre was explored theo-
retically for different cloud densities for the first time in the history of cloud-ONF
publications. Achieving a higher cloud density dramatically improves the num-
ber of atoms coupled to the nanofibre. The remainder of Chapter 5 explores two
complementary temperature measurement techniques which exclusively use the
nanofibre. To the author’s best knowledge, this work is the first demonstration
of such comprehensive temperature measurements in the cloud-ONF system and
is, therefore, critical in our understanding of the ONF as a probe placed inside an
extremely cold atomic sample. Firstly, the temperature of the cold atom cloud is
measured using the method of forced oscillations. Over the course of a number
of experiments, with the cooling laser detuned from the cooling transition by
12.4 MHz, results having the temperature of the cloud both above and below the
Doppler limit were observed. This proved to be in good agreement with a tem-
perature measurement carried out using a conventional photodiode for detection,
which gave a result of ∼130 µK. Using the ONF, sub-Doppler temperatures were
observed for smaller clouds, i.e. those with fewer trapped atoms. Furthermore,
the trend of reduced temperatures for increased red-detuning was observed and
it was found that the temperature of the atoms only went below the Doppler
limit for very high values of red-detuning. Coupling this with the other results
it appears the presence of the ONF may increase the temperature of the trapped
atoms. Yet by reducing the number of atoms in the cold atom cloud or by using
greater red-detuning (which also reduces the number of trapped atoms) the effect
of the ONF can be reduced. This then allows sub-Doppler temperatures to be
achieved in the presence of the ONF.
To address the possibility of density improvements in the MOT to increase atom-
ONF coupling, a dark MOT (DMOT) was implemented. The DMOT utilises a
hollow repump beam which allows atoms at the centre of the MOT to accumu-
late in the lower hyperfine ground state. In this so-called “dark” state, the atoms
do not experience the density-limiting effects of a usual high-NA MOT such as
radiation pressure. Due to the large frequency separation of the two lower hyper-
fine ground states of 85Rb, a depumping beam is necessary to achieve very dark
DMOTs. The effects of the repump beam shadow shape and the depumper were
investigated with freespace absorption spectroscopy. Using transient absorption
curves, temperature increases were observed for high intensity depumping beams
as expected. The remainder of the chapter was concerned with the first experi-
mental implementation of a DMOT and ONF. To measure the ‘darkness’ of the
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DMOT the quantity p was determined using the ONF. To estimate p, the fluo-
rescent counts from the atoms in the upper “bright” hyperfine level F = 3 are
divided by the counts from atoms in F = 2 and F = 3. The variation in p is
explored with and without the inclusion of the depumper. The ONF was then
used to examine the loading time of the DMOT as a function of p yielding the
known result that, for darker DMOTs, the loading rate is reduced. Finally, it was
found that p remains approximately constant for changing cooling laser intensity.
Overall, the density of the DMOT was not improved beyond that of the BMOT,
but with slight experimental adjustments to ensure the correct NA regime is in
effect, density improvements should be possible which will be beneficial for in-
creasing the optical density ofthe system. These studies demonstrate that the
ONF can be used to sensitively examine either population (F = 2 or F = 3) of
atoms in the MOT.
Chapter 7 explores the use of the ONF as the carrier of a probe beam. Further-
more, this work is the first example of ONF absorption using 85Rb. When light
is coupled into an ONF, a significant portion of the light is guided within the
evanescent field around the narrowest region. Absorption of the evanescent field
component of the guided light can take place by atoms or molecules surrounding
the ONF and this absorption in a probe signal passing through the fibre can be
detected using an avalanche photodiode at the fibre output.This probe beam in-
teracts via the evanescent field with the atoms around the ONF allowing in-fibre
absorption spectroscopy. An AOM was used to perform a frequency scan of the
probe around the F = 3→ F ′ = 4 transition in 85Rb to map out the absorption
spectrum. With the lowest probe beam powers, the natural linewidth of the cool-
ing transition can be resolved (6 MHz). Some lineshapes displayed asymmetric
broadening indicating the presence of surface interactions but as these were not
consistent, further exploration is necessary to determine which parameters are
optimal for revealing such interactions.
It is clear that ONFs are an extremely versatile tool for probing atoms whether
they are used as collectors or deliverers of light. The research in this thesis show
how the ONFs allow a number of cold atom cloud characteristics to be determined,
exhibiting great sensitivity to very low numbers of atoms in the vicinity of the
ONF. While the MOT itself is relatively straightforward to implement, the key
to this work and to its future role in quantum technologies is ensuring that the
ONFs used are fabricated such that they are the correct diameter and continually
maintain high transmission.
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8.2 Limitations of ONFs
An ONF can be fabricated using the most basic equipment. In the work pre-
sented in this thesis, fabrication requirements are stringent. In fact, for use with
a 85Rb MOT, the ONF should be close to 180 nm in radius, have close to 100%
transmission (which implies high adiabaticity) and have exemplary surface uni-
formity and smoothness. Most of the results presented in this thesis have been
obtained because the ONF was suitable at that time. During the course of this
work, while three different ONFs were used to generate data for Chapter 4, 5 and
6, at least an order of magnitude more ONFs were created, trialled and ultimately
failed in UHV. The cost of fabricating, installing and then removing a broken or
zero-transmission fibre from UHV is inexpensive for modern scientific standards,
but extremely time-consuming and frustrating. The limitations of the work so far
lie solely in the fibre pulling rig. A new rig has been built for a new incarnation of
the cold atom experiment described here. The new rig should improve the quality
of the ONFs produced for the 85Rb MOT as it has individually controllable stages
and utilises flame brushing. This enables custom taper shapes and sizes as well as
back-calibration of the pull parameters with an SEM to achieve a specified waist
diameter. In the following sections, the ONF diameter is assumed to be 360 nm
and its transmission is assumed close to 100% such that there is no restriction on
fluorescence signal collection and delivery of a probe beam to the atomic sample.
8.3 Two-photon absorption by cold 85Rb via an
ONF
Two-photon absorption (TPA) using an optical nanofibre in a rubidium vapour
has been demonstrated recently [?]. In that work, TPA was observed with probe
beam powers of less than 150 nW, which corresponds to less than 20 photons on
average in the waist region of the nanofibre at any time. At low power levels,
TPA may be useful for optical switching or for quantum logic gates based on the
Zeno effect in the context of trapped atoms along a nanofibre [?, ?].
We propose doing a similar experiment with laser-cooled 85Rb using the scheme
illustrated in Figure ??. A 780 nm photon is detuned from the resonant frequency
of the first atomic transition by an amount δ, producing a virtual population of
the second atomic state. A second photon at 776 nm gives a detuning of the sum
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Figure 8.1: Probe beam frequencies for TPA in cold 85Rb via an ONF. A virtual
population of the intermediate state will be generated by the cooling laser, while a scan
over the final state, 5D3/2, by a detuning ∆, is done with a second laser tuned to 776
nm.
of the photon energies from the energy of the upper atomic state. By scanning
∆ (i.e. the laser is scanned over the 776 nm transition) TPA can be observed as
a decrease in the transmission of the 776 nm light. The colour of the fluorescent
emission by the atoms using a spectrometer can also be monitored.
The proposed setup is shown in Figure ??. The probe beam wavelength is mon-
itored with a wavemeter during the experiment. Triggering is performed using
the trigger input on the piezo control module. For small diameter nanofibres
(≈400 nm), a significant fraction of the probe beam propagates in the evanescent
field surrounding the cylindrical dielectric. For an atom in a vapour, transit-time
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broadening due to the atom’s limited interaction time with the evanescent field
will be pronounced. We expect this contribution to be reduced in the case of
atoms in a thermal cloud.
SPCM APD 
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780 nm 776 nm 
Blank Blank 
50:50 
λ-filter 
ONF pigtails 
Ferrule 
50:50 
ND ND 
Cold 
85Rb 
cloud 
Figure 8.2: The setup proposed to observe Doppler-free, TPA in an optical nanofibre.
8.4 Simultaneous measurements of temperature
and number of atoms via an ONF
Many modern laser-cooling setups perform experiments in a sequenced fashion
with a temperature measurement (e.g. using time-of-flight) after the primary
sequence. It is advantageous to collect temperature and number of atom data
simultaneously (or, at least, within a short timespan of each other) as it provides
the relevant MOT parameters rather than those found from a measurement later
in the day when experimental parameters may have changed. In 2006, work by
Silva et al., [?], demonstrated a simple technique for measuring the temperature
of a cloud of cold atoms using a freespace probe beam and an expansion period. In
fact, their method was used for a DMOT. The advantage in using this technique
for the DMOT is that one can really measure the temperature of just the dark
region of the cloud by making sure the probe beam is much smaller than the
cloud and passes through the dark region. Alignment with the dark region can
be verified by a large frequency scan of the probe beam over the repump and
cooling transitions to check population levels.
The proposed procedure is as follows. An on-resonance probe beam is sent to-
wards the centre of the MOT and a suitable photodiode collects the signal. After
loading the MOT until NA reaches a steady state value, the MOT is switched off
135
and the cloud is allowed to expand. The resultant absorption signal diminishes
as a function of time in a fashion similar to Figure ??. The derivative of the
absorption signal is taken and the maximum of the derivative occurs at some
time tm. Knowledge of the number of atoms and tm allows the derivative to be
fitted with the derivative of [?]
I
I0
= exp
 σN
pi
(
t2mv¯
2 + tmv¯
√
4t2mv¯2 − 2σNpi + v¯2t2
)
 (8.1)
where v¯ is the parameter to be determined. Thus, T can be calculated with
T = mv¯/3kB.
This experiment can potentially be performed with the evanescent field of an ONF
with some modifications to the model. In this case, one still has a weak,1 narrow
probe beam passing through the centre of an atomic cloud. As the diameter of
the probe beam is much smaller than the extent of the cloud, one can treat it as
a line source. The atomic density must be modified to account for the presence
of the ONF using a “shadowing factor” g given by [?]
g(r) = 1− sin
−1(a/r)
pi
. (8.2)
where a refers to the ONF radius and r is the radial distance between the atom
and centre of the ONF. Thus, at the ONF surface, g(r = a) = 1/2. This factor
is applied to the time derivative of the cloud density.
Additionally, for small times, gravity can be neglected as the isotropic expansion
of the cloud is dominant compared to the centre-of-mass motion due to gravity.
This is partricularly true for ONF absorption where one is measuring the signal
from a just a few atoms which are closest to the fibre surface and are in the
coldest region of the MOT. Figure ?? shows the theoretical absorption signal for
a 75 µK cloud during expansion from the ONF surface (a = 180 nm). The signal
returns to 0 within 5 ms.
Figures ?? and ?? illustrate the theoretical effect of using different ONF diameters
and measuring different temperatures. As discussed previously (see Section 7.1),
smaller diameter ONFs are better for absorption studies. The smaller the ONF,
1If necessary, to avoid saturation of the near-surface atoms, a power restriction can be
incorporated into the sequence using amplitude control of an AOM via an AOM driver or with
a mechanical filter.
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Figure 8.3: Transient absorption signal for a = 180 nm, T=75 µK. (NA = 108). This
plot is obtained from calculations performed by Ravi Kumar in the QOG.
the larger the absorption signal is. However, by changing the cloud temperature,
Figure ?? shows that the position of the derivative peak, tm, changes.
Work by Chen et al. [?], inspired by Gibble et al. [?], used optical pumping to
acurately determine the number of cold atoms in the MOT. The linearly-polarized
probe field in this method drives the 52S1/2F = 2 → 52P3/2F ′ = 2 transition of
87Rb and the measurement is based on the following reasoning: the population in
F ′ = 2 has the probability of one half to spontaneously decay to F = 2 and one
half to spontaneously decay to F = 1. On average, each atom prepared in F = 2
initially can be optically pumped to F = 1 by absorbing two probe photons. Once
the atom is in F = 1, it will not interact with the probe field. The transmission of
the probe field is measured with a calibrated photodiode. The absorption energy
of the probe field divided by the energy of two photons is the direct measurement
of the atom number. Thus, the measured absorption energy does not depend
on parameters such as detuning, polarization, intensity, and linewidth of the
probe laser, population distribution among Zeeman sublevels, and Zeeman shifts
induced by the magnetic field in the environment.
The sequence of the experiment is to switch off (for example, with an AOM) the
cooling beams and then switch off the repump beam(s) after a time long enough
to ensure all atoms are in F = 2. The probe laser is then switched on for a period
of time anywhere between 5 to 500 µs. The area below the resulting absorption
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Figure 8.4: Transient absorption signals and their derivatives for three different ONF
radii (top: a = 100 nm, middle: a = 150 nm, bottom: a = 200 nm). While the position
(in time) of the minimum of the signal does not change, the absorption depth does. This
is due to the changing spatial extent of the evanescent field for different ONF radius –
the smaller the ONF is, the further the evanescent field reaches. More atoms can absorb
the probe beam around a smaller ONF. These data model the signal for NA = 108 and
T = 400 µK. These plots are obtained from calculations performed by Ravi Kumar in
the QOG.
profile yields the atom number.
Each measurement typically takes about 1 ms. During the optical-pumping pro-
cess, each atom only absorbs two photons on the average and cannot be knocked
away by the probe field. Atoms in F = 1 will be immediately recaptured once
the MOT is turned on. Therefore, the measurement disturbs the MOT very
little. The authors of [?] also recommend leaving the magnetic field on through-
out the measurement as its presence during the process of optical pumping can
minimize the population trapping of the dark state and avoid potential errors in
determination of atom number.
If the density of the atom cloud is large enough to allow significant radiation
trapping to occur or if the spontaneously emitted photon can be absorbed by
another atom, the delay time before the probe pulse commences should be in-
creased. This allows the atom cloud to expand and lowers the density. Then,
the effect of the radiation trapping on the measurement of atom number can be
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Figure 8.5: Transient absorption derviative signals for four different temperatures:
500 µK (black), 250 µK (red), 140 µK (blue), 75 µK (green). The ONF here has a
radius of 180 nm. These plots are obtained from calculations performed by Ravi Kumar
in the QOG.
minimized.
These two measurements of atom number and temperature are of critical impor-
tance in this work with cold atoms and an ONF as they can provide an insight
into the behaviour of near-surface atoms. If the ONF diameter is known, the
evanescent field spatial decay length is also known and these two experiments
can be perfomed to yield a direct measurement of atom number, neff, atom den-
sity and atom temperature near the fibre. Knowldge of the temperature of such
atoms is desirable as it will definitively answer the question about heating of
atoms near the fibre surface.
8.5 Higher mode propagation in an ONF
Theoretical work in 2004 [?] proposed a scheme whereby a two-colour evanescent
field around an ONF could be designed to create optical potential wells for use as
atom traps. The two wavelengths are sent through the ONF in opposite directions
and are both far detuned from the atomic resonance – one to the blue side and
the other to the red. The atoms after loading can then be coupled to, and
trapped near, a dielectric nanostructure without the need of additional external
light fields.
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For the caesium atom, the authors of [?] show that the light shifts of the 62S1/2 ↔
62P3/2 transitions can be minimized by tuning one trapping beam to around 934.5
nm in wavelength (central red-detuned magic wavelength) and the other light to
around 685.5 nm in wavelength (central blue-detuned magic wavelength).
Due to the small thickness of the ONF, the far-off-resonance fields have substan-
tially differing evanescent decay lengths to produce a net potential with a large
depth, a large coherence time, and a large trap lifetime. For example, [?] found
that for a 0.2-µm-radius silica ONF carrying 30 mW of 1.06-µm-wavelength light
and 29 mW of 700-nm-wavelength light, both fields circularly polarized at the
input, gives for caesium atoms a trap depth of 2.9 mK, a coherence time of 32
ms, and a recoil-heating-limited trap lifetime of 541 s. In this particular case,
the atoms are trapped at a distance of ∼200 nm from the ONF surface. Further-
more, various optical potential configurations can be designed by controlling the
input polarisations of the two fields. When both input light fields are circularly
polarized, a set of trapping minima of the total potential in the transverse plane
is formed as a ring around the ONF. This design allows confinement of atoms to
a cylindrical shell around the ONF. When one or both of the input light fields
are linearly polarized, the total potential has two local minimum points in the
transverse plane. This design allows confinement of atoms to two straight lines
parallel to the ONF axis. Spatial positioning of cold atoms in well-defined optical
potentials around an ONF has applications in quantum information processing,
whereby the trapped atoms could be entangled using photons passing through
the fibre.
While two-colour trapping has been demonstrated with caesium atoms around an
ONF [?, ?], a more graceful approach exists which has not yet been demonstrated.
Figure ?? is a plot of propagation constant, β/k0, versus V-number for an ONF.
The range 0 < V < 2.4 is single mode, while three modes can propagate in the
region 2.4 < V < 3.8: TE01, TM01, and HE21. By choosing the ONF diameter
carefully, both the HE11 mode and higher modes can be excited in the waveguide.
In [?] a novel type of blue-detuned evanescent field trap for cold neutral atoms
based on two-mode interference in ONFs was presented. The ONF considered was
designed such that only the four lowest order modes propagate: the fundamental
mode (HE11) and the first three higher order modes (TE01, TM01 and HE21). If
the modes are coherently excited, they will yield a stationary interference pattern
while co-propagating in the fibre due to their different phase velocities. This is
of critical interest for generating unique trapping geometries, not just for laser-
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Figure 8.6: A plot of the propagation constant, β (normalized to k0) against V -number
for an optical nanofibre (or microfibre for V -numbers above ≈4.5 with a fixed λ of 780
nm) with cladding (vacuum) and core refractive indices as 1 and 1.4595, respectively.
The weak guidance condition is not applicable here as ∆n is large (1↔1.4537). Thus,
the LP11 modes separate out to reveal the exact modes. The dashed, vertical lines
indicate the boundary between single- and multi-mode (including few-mode) guidance
in the waveguide (V = 2.405).
cooled atoms, but also for colloidal particles [?, ?].
In 2012, our group published experimental work on higher mode propagation in
ONFs [?]. A Laguerre–Gaussian beam was created in free space using a spatial
light modulator (SLM)2 and coupled to a few-mode fibre. This device allows
convenient switching between the fundamental and LP11 fibre modes. By selecting
a few-mode fibre with a relatively low cladding-core ratio, the propagation of
the LP11 mode down to a submicron waist was maintained. Furthermore, by
observing the transmission profile during tapering, it is possible to decisively
terminate the pulling process in order to eliminate the two degenerate HE21 modes
of the LP11 mode (Figure ??). As a result, a nanofibre can be fabricated through
which only the TE01 and TM01 components of the LP11 mode propagate. With
advances in the fibre pulling rig, creating higher modes in an ONF should become
routine.
2A spatial light modulator is an electronic device which modulates the phase, or intensity,
or both, of light. The SLM used here was a phase only, reflective, liquid-crystal-on-silicon SLM
(Holoeye Pluto NIR HEO1080HP) with a resolution of 1920×1080 pixels and an active area of
15.36×8.64 mm2, designed for near infrared wavelengths around 1064 nm.
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Figure 8.7: From [?]: (a) This plot highlights the individual mode losses from each
LPlm set. Here p and q are the intensity drops due to the loss of the HE21 modes
and the TE01 and TM01 modes, respectively. (b) Comparative plot of the mode drops
when a similar tapering process is conducted with Thorlabs 1310BHP 125 mm fibre, but
highly saturated at the start of tapering to highlight the mode drops. This shows loss
into higher cladding modes (LP13), due to stronger non-adiabatic behavior of the fibre
taper.
Higher modes offer a wide variety of trapping geometries that will lend themselves
to future work on atom interfacing via waveguide structures where only one laser
is required. Recent work by Masalov and Minogin [?] showed that excitation
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rates for higher-order modes can be about 5–10 times higher than that for the
fundamental mode. The high pumping rate of the higher-order modes in optical
nanofibers may find important applications in quantum optics and metrology,
including the creation of new trapping geometries for atoms, new types of coupling
with microresonators, new schemes for evanescent field sensing of atoms and high-
accuracy position detection of atoms around nanofibers.
8.6 Final remark
At the closing of the work described in this thesis, the Quantum Optics Group
transformed into the Light-Matter Interactions Unit and set up a new home at
the Okinawa Institute of Science and Technology Graduate University (OIST) in
Japan. During my short stay at OIST, the university wrote an article profiling
our research group to highlight our activities and fields of interest. I had the
opportunity to help produce a simplified scientific illustration of the MOT - this
is shown in Figure ??. The full article can be found at https://www.oist.jp/press-
room/news/2012/11/30/new-unit-profile-shedding-light-light-and-matter
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Figure 8.8: Pencil illustration of the MOT and ONF created for a Unit Profile at
Okinawa Institute of Science and Technology. (©V. Schipani)
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Appendix A
Electric field analysis of HE11 for
an ONF
A.1 Spatial distribution of the electric field for
the fundamental guided mode, HE11, of an
optical nanofibre
The following appendix appeared with [?]. We represent the operator of a quan-
tized vacuum electric field of the guided modes of a nanofibre in a standard form.
E =
∑Eλaλ + h.c., (A1)
where Eλ is the electric field of a single vacuum guided mode, aλ is the photon
annihilation operator, and index λ describes the direction of propagation and
polarization of a single vacuum guided mode. The electric field of a single guided
mode can be represented as [?]
Eλ = i
√
h¯ωλ
2ε0L
e˜λeiβλz+imϕ, (A2)
where ωλ is a mode frequency, βλ is a propagation constant, e˜λ = e˜λ(r, φ) is a
normalized amplitude of the electric field, m is a quantum number of the mode
angular momentum, and L is the length of a one-dimensional "box" which is
defined by a spatial periodicity of the field. The electric field amplitude of a
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single guided mode is normalized as
∫ 2pi
0
∫ ∞
0
n2(r) |e˜λ|2 dϕrdr = 1, (A3)
where n(r) is the value of the refractive index equal to ncore inside the fibre
and nclad = 1 outside the fibre. The above representation of the vacuum field
corresponds to a standard form of the vacuum field Hamiltonian
Hvac = 2ε0ε
∑∫
dV |Eλ|2
(
a†λaλ + 12
)
=
∑
h¯ωλ
(
a†λaλ + 12
)
. (A4)
For the fundamental guided mode, HE11, the propagation constant β is defined
by the eigenvalue equation as
J0 (ha)
haJ1 (ha)
=−
(
n2core + n2clad
2n2core
)
K ′1 (qa)
qaK1 (qa)
+ 1
h2a2
−
(n2core − n2clad
2n2core
)2 (
K ′1 (qa)
qaK1 (qa)
)2
+
(
β
ncorek
)2 ( 1
h2a2
+ 1
q2a2
)21/2 ,
where Jm are Bessel functions of the first kind, Km are modified Bessel functions
of the second kind, k = ω/c, and
h =
√
n2corek
2 − β2, q =
√
β2 − n2cladk2.
We note that there are four different field distributions for the fundamental mode
HE11: two with opposite directions of propagation and two with opposite circu-
lar polarizations. In what follows, we write the field distribution for a guided
mode with positive propagation constant and positive circular polarization using
decomposition over cylindrical unit vectors
e˜ = ere˜r + eϕe˜ϕ + ez e˜z.
The cylindrical components of a normalized electric field amplitude for the HE11
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mode in the core region are given by [?]
e˜r = iA
q
h
K1(qa)
J1(ha)
[(1− s)J0(hr)− (1 + s)J2(hr)] ,
e˜ϕ = −Aq
h
K1(qa)
J1(ha)
[(1− s)J0(hr) + (1 + s)J2(hr)] ,
e˜z = 2A
q
β
K1(qa)
J1(ha)
J1(hr),
and outside of the core region are given by
e˜r = iA [(1− s)K0(qr) + (1 + s)K2(qr)] ,
e˜ϕ = −A [(1− s)K0(qr)− (1 + s)K2(qr)] ,
e˜z = 2A (q/β)K1(qr).
In the above equations s is a dimensionless parameter such that
s = 1/h
2a2 + 1/q2a2
S
,
where the denominator is as
S = J ′1(ha)/haJ1(ha) +K ′1(qa)/qaK1(qa),
The normalization constant defined from Eq. (??) is
A = β2q
J1 (ha) /K1 (qa)√
2pia2 (n2coreN1 + n2cladN2)
, (A5)
where
N1 =
β2
4h2
{
(1− s)2
[
J20 (ha) + J21 (ha)
]
+ (1 + s)2
[
J22 (ha)− J1 (ha) J3 (ha)
]}
+ 12
[
J21 (ha)− J0 (ha) J2 (ha)
]
,
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N2 =
J21 (ha)
2K21 (qa)
{
β2
2q2
[
(1− s)2
[
K21 (qa)−K20 (qa)
]
− (1 + s)2
[
K22 (qa)−K1 (qa)K3 (qa)
]]
− K21 (qa) +K0 (qa)K2 (qa)
}
.
The intensity distribution of the electric field inside the core is defined by a
quantity
|e˜(r)|2 = 2A2K
2
1(qa)
J21 (ha)
{
q2
h2
[
(1− s)2J20 (hr) + (1 + s)2J22 (hr)
]
+ 2q
2
β2
J21 (hr)
}
,
(A6.a)
and outside the core it is defined by the quantity
|e˜(r)|2 = 2A2
[
(1− s)2K20(qr) + (1 + s)2K22(qr) +
2q2
β2
K21(qr)
]
. (A6.b)
A.2 Evaluation of the spontaneous decay rate
into the fundamental guided mode
The following appendix appeared with [?]. The following derivation of the spon-
taneous emission rate follows a standard approach based on the Hamiltonian for
a system "two-level atom + vacuum field" given by
H = h¯ω0b+b+
∑
λ
h¯ωλ
(
a+λ aλ + 12
)
− d·∑
λ
(
Eλb+aλ + E∗λba+λ
)
, (A7)
where b+ and b are the atomic excitation and de-excitation operators, a+ and a the
creation and annihilation operators, and d is a matrix element of the atomic dipole
moment. For the Hamiltonian (??) the equations for probability amplitudes for
the simplest case of a vacuum field initially in the vacuum state are
·
ce,0 =
i
h¯
∑
λ
d·Eλe−i∆λtcg,1λ , (A8.a)
·
cg,1λ =
i
h¯
d·E∗λei∆λtce,0, (A8.b)
where cg,1λ are the probability amplitudes of the states which include the ground
atomic state and the state of the vacuum field with one photon in mode λ and
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ce,0 is a probability amplitude of the state which includes the excited atomic state
and the state of the vacuum field with zero photon numbers in all the modes.
Taking a formal solution of the second equation in the above set
cg,1λ =
i
h¯
d·E∗λ
∫ t
t0
ei∆λt′ce,0(t′)dt′, (A9.a)
and substituting it into the first equation one can obtain an equation which
describes the spontaneous decay of the upper atomic state
·
ce,0 = − 1
h¯2
∑
λ
|d·Eλ|2
∫ t
t0
ei∆λ(t′−t)ce,0(t′)dt′. (A9.b)
An application of the above equation to the vacuum modes of free space gives a
well-known decay equation
·
ce,0 = −γ0ce,0, (A10)
where γ0 is half the spontaneous decay rate into free space,
Wsp = 2γ0 =
1
4piε0
4d2ω30
3h¯c3 . (A11)
We now apply basic equation (??) to the fundamental guided mode HE11 of the
vacuum field. The vacuum field of a single guided mode can be considered as
periodic with spatial period, L, and the periodicity condition can be written as
βαL = 2pinα, where nα = 1, 2, 3, ... defines different values of the propagation
constant, βα. By making use of the periodicity condition, the sum over discrete
numbers, nα, in Eq. (??) can be replaced by an integral such that
∑→ L2pi
∫
dβ.
Taking into account a one-to-one correspondence between values of the propaga-
tion constant and frequencies of the vacuum modes, β = β(ω), one can replace
dβ by dβ = β˜′dω, where β˜′ = dβ/dω. This gives
∑→ L2pi
∫
β˜′dω.
Next, integrating Eq. (??) over frequency and time and using an equation
∫
ei(ω−ω0)(t′−t)dω = 2piδ(t− t′),
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while taking into account that the fundamental mode HE11 has two directions of
propagation and two polarizations, Eq. (??) can be rewritten as
·
ce,0 = −γ(g)ce,0, (A12)
where γ(g) is half the spontaneous decay rate into the guided mode
W (g)sp = 2γ(g) =
ω0β˜
′
ε0h¯
|d · e˜|2 . (A13)
In the last equation e˜ is an amplitude of the guided mode with a positive propaga-
tion constant and positive circular polarization. Note that Equation ?? coincides
with a corresponding equation from [?].
Assuming d = d+ is a spherical component of the atomic dipole moment one
can finally rewrite the spontaneous decay rate into the fundamental guided mode
HE11 as
W (g)sp (r) = 2γ(g) = 2A2
d2ω0β˜
′
ε0h¯
[
(1− s)2K20(qr) + (1 + s)2K22(qr) +
2q2
β2
K21(qr)
]
,
(A14)
where the constant A is defined by Eq. (??). Equation (??) can be rewritten in
a convenient form by introducing a dimensionless derivative, β′ = dβ/dk = cβ˜′,
and making use of Eq. (??) for the spontaneous decay rate into free space,
W (g)sp (r) = 2γ(g) = γ0
3A2λ2β′
pi
[
(1− s)2K20(qr) + (1 + s)2K22(qr) +
2q2
β2
K21(qr)
]
.
(A15)
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Appendix B
LabVIEW Programmes
The author wishes to to acknowledge M. Daly and W. Cotter for help in designing
these LabVIEW programmes.
Figure B.1: The PD trigger (front panel) which records the output signal from the
APD.
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Figure B.2: The PD trigger (back panel - “true” clause) which records the output
signal from the APD.
Figure B.3: The PD trigger (back panel - “false” clause) which records the output
signal from the APD.
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Figure B.4: The RR AOM sequence which applies a series of square waves to the
cooling laser AOM for specified time durations.
Figure B.5: The RR AOM sequence which applies a series of square waves to the cool-
ing laser AOM for specified time durations. The “false” clause activates the sequence,
while “true” switches the AOM on continuously for normal MOT operations.
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Abstract
We analyse the lineshape of the fluorescence emitted by a cloud of optically excited cold
atoms and coupled into an optical nanofibre. We examine the efficiency of the fluorescence
coupling and describe the asymmetry of the lineshape caused by the redshifts arising from
both the van der Waals and Casimir–Polder interaction of the atoms with the surface of the
optical nanofibre. We compare the contributions of the van der Waals and Casimir–Polder
redshifts and show that the lineshape of the fluorescence coupled into an optical nanofibre is,
basically, influenced by the van der Waals redshift and is characterized by a long tail on the red
side of the spectrum. We conclude that a measurement of the lineshape of the coupled
fluorescence could be used to characterize the strength of the interaction of atoms with
dielectric surfaces and for the detection of atoms using nanofibres.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Over the past decade, there has been heightened interest in
the interactions between optically excited, cold atoms and
dielectric nanobodies, such as optical nanofibres, nanospheres
and nanodisks. This is primarily due to the potential
such systems offer for controlling and manipulating single
particles, thereby providing tools for quantum information
technologies. Progress in the fabrication of optical nanofibres
in a standard laboratory environment [1, 2] has resulted
in experimental studies in this area concentrating on the
‘atom + nanofibre’ interaction, in particular. One well-
known outcome of this interaction is the resulting modification
to the spontaneous emission rate of the atoms [3–6] that
leads to enhanced coupling into the fibre guided modes
for atoms close to the surface. Another important aspect
that merits consideration is the spectral distribution of the
fluorescence radiation emitted by excited atoms located near
and, subsequently, coupled into the nanofibre [7–9]. An
experimental observation of the optical coupling efficiency and
the spectral dependence of the fluorescence intensity should
facilitate a determination of the interaction strength between
the atoms and the dielectric surface, including the influence of
the van der Waals and Casimir–Polder potentials [10]. This
problem is of particular significance for developing techniques
for trapping cold atoms around optical nanofibres [11–13]
for single particle manipulation and for engineering bipartite
(or, indeed, multipartite) entanglement between two (or more)
distant trapped atoms via the guided modes of the nanofibre
[14, 15].
Recent observations have shown that the lineshape of the
fluorescence excitation spectrum coupled into the fibre is not
consistent and substantially differing lineshapes have been
obtained under varying experimental conditions. In general,
the observed lineshape exhibits either a well-pronounced, long
tail at red detunings [8] or an asymmetry with an increased red
wing of the spectral line [16]. In [8], the long red tail of the
spectrum was assigned to the bound-to-bound transitions of
atoms between the van der Waals potentials for the ground
and excited atomic states and was further corroborated by
theoretical studies [17, 18]. However, in later experimental
work [16], the authors highlighted that the long red tail was
0953-4075/09/185006+09$30.00 1 © 2009 IOP Publishing Ltd Printed in the UK
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only observed when the nanofibre was not cleaned prior to
data acquisition. On cleaning the surface by violet light,
the spectrum exhibited a well-pronounced asymmetry of the
spectral line with a prevailing red side [16], rather than
the previously reported long red tail, in stark contrast to the
theoretical predictions [17, 18].
The above observations clearly show that atom
interactions with the surface of a nanofibre may depend
strongly on the cleanliness of the nanofibre surface. It is,
therefore, of principal importance for experiments on atom–
fibre interactions to evaluate the contributions of basic physical
mechanisms to the asymmetry of the fluorescent excitation
spectrum, rather than the relatively uninteresting effects of a
dirty surface. For clean surfaces, such basic mechanisms may
include the van der Waals and Casimir–Polder interactions.
The contribution of the van der Waals interaction to the
redshift of the spectral line has already been observed in the
selective-reflection spectroscopy of caesium vapour located
near a dielectric surface [19], for example.
The purpose of this work is to show that, alongside
the previously considered scenario, whereby the fluorescence
lineshape asymmetry is caused by the bound-to-bound
transitions between the ground and excited state van der Waals
potentials, another possible cause of the asymmetry may be
an inhomogeneous broadening of the spectral line. This
broadening arises from direct contributions of the van der
Waals shifts to the shape of the spectral line produced by a
spatially extended ensemble of cold atoms. For completeness,
we also consider the contribution of the Casimir–Polder
redshifts to the spectral dependence of the coupled fluorescent
light and show that, under realistic experimental conditions,
the Casimir–Polder contribution to the shape of the spectral
line may be negligible.
In what follows, we analyse the coupling of light emitted
by 85Rb and 133Cs cold atomic clouds. We choose 85Rb
and 133Cs for our evaluations since these elements are widely
used in cold atom experiments. Specifically, we evaluate the
fluorescence spectrum emitted by optically excited atoms into
the fundamental guided mode of an optical nanofibre. Results
from our study show that for typical radii of optical nanofibres
in the range from 200 to 600 nm, and atomic clouds that
are tightly confined around the nanofibre, the fluorescence
excitation spectrum exhibits a well-pronounced asymmetry
with red-side broadening caused by the van der Waals redshifts
and a shifting of the peak position to the red side of the
spectrum. The inclusion of the Casimir–Polder effect has
minimal influence on the asymmetry of the lineshape but
reduces the redshift of the peak position slightly.
2. Power of fluorescence coupled into the fibre
We consider a collection of cold, two-level atoms in the
vicinity of an optical nanofibre as shown in figure 1. The
atoms are excited by a laser field near-resonant to the atomic
dipole transition and they emit fluorescent light which partially
propagates into the guided modes of the fibre. We consider
the case where the frequency of the fluorescent light is
below the cut-off frequencies of all modes apart from the
Optical
nanofibre
Laser light
Atom cloud
Emitted light
Figure 1. Conceptual diagram of the setup with an optical nanofibre
surrounded by an atom cloud, optically excited by near-resonant
laser light.
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Figure 2. Position of the atom (A) near an optical nanofibre and
excited by laser light (LL).
fundamental mode, HE11, so that the fluorescent light can
only ever propagate in this mode. The lower state of the
atom is considered to be the ground state and we assume
that the upper state can only decay to the ground state. The
two-level atom model is partially justified by the fact that,
for degenerate optical transitions, different magnetic sublevels
have very similar spontaneous decay rates [6].
For a single, motionless, two-level atom placed near
the optical fibre and excited by an external laser field
near-resonant to the dipole optical transition (cf figure 2) the
probability of finding the atom in the upper excited state is
pe = 12
2
(ω − ω0)2 + γ 2 + 2 , (1)
where  = dE0/2h¯ is the Rabi frequency defined by the
atomic dipole matrix element, d, and amplitude, E0, of the
exciting laser field, ω is the frequency of the laser light, ω0
is the position-dependent atomic transition frequency and γ
is half the position-dependent total spontaneous decay rate,
Wsp = 2γ . In the case we are considering, the spontaneous
decay rate is made up of two position-dependent decay rates,
γ (g) into the guided modes of the fibre and γ (r) into the
radiation modes of the fibre, such that
Wsp = 2γ = 2γ (g) + 2γ (r). (2)
For a single atom the probability of spontaneous photon
emission into a guided mode of the fibre per unit time is
proportional to the population, pe, of the excited atomic state
2
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and the rate of spontaneous emission, 2γ (g), into the guided
mode,
W(r) = 2γ (g)(r)pe(r) = γ
(g)(r)2
(ω − ω0(r))2 + γ 2(r) + 2 . (3)
In the above equation, we explicitly show that the atomic
transition frequency and the spontaneous emission rates are
functions of the atom’s position, r. For an ensemble of
motionless, two-level atoms distributed near the fibre with
density n (r), the light power coupled into the fundamental
guided mode is accordingly defined by the volume integral [20]
P = h¯ω
∫
γ (g) (r)2
(ω − ω0(r))2 + γ 2(r) + 2 n (r) dV. (4)
Hence, the power coupled into the optical fibre depends on
the shape of the atomic cloud and its position with respect
to the axis of the fibre. Note that the power considered is the
total power coupled into the nanofibre. If one were to monitor
the power output at one end of the fibre, the observed power
would be half the total power.
In the following, we consider the case of weak optical
saturation and neglect the Rabi frequency in the denominator
of the excitation probability. We also neglect the short-range
repulsive part of the surface potential that can influence a small
fraction of the atomic ensemble and may produce a minor
contribution to the shape of the spectral line. In its general
form, the atomic transition frequency can be written as
ω0 (r) = ω00 − δω (r), (5)
where ω00 is the unperturbed transition frequency and δω (r)
represents the shift which depends on the distance, r − a,
between the atom and the dielectric surface of the fibre.
At small distances δω (r) is defined by the van der Waals
interaction and can be evaluated from [21–25]
δωvdW (r) = C3
(r − a)3 , (6)
where C3 is the van der Waals constant for the atomic
transition. At long distances the shift comes from the Casimir–
Polder potential and can be evaluated from
δωCP (r) = C4
(r − a)4 , (7)
where the Casimir–Polder constant is given by
C4 = 3γ08π
ε − 1
ε + 1
(
λ
2π
)4
ϕ(ε). (8)
In the above equation, γ0 is half the natural linewidth for
the free atom, ε is the static relative permittivity of the fibre
material and ϕ(ε) is a slowly varying function close to unity,
0.77 6 ϕ(ε) 6 1. The explicit structure of the function ϕ(ε)
can be found in [21, 22].
For a typical dipole transition where the wavelength,
λ, lies in the visible to the near-infrared region, the border
between the van der Waals and Casimir–Polder interactions
usually occurs at a distance from the surface of r−a  λ/10 
50–80 nm. Van der Waals attractions contribute primarily at
distances very close to the surface, i.e. at r − a 6 λ/10.
At larger distances, i.e. r − a > λ/10, the Casimir–Polder
interaction replaces the van der Waals potential and, therefore,
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Figure 3. Position-dependent optical absorption line. The shaded
area indicates the position of the cylindrical shell containing the
excited atoms.
must be included in evaluations. In order to describe the
shift for both short- and long-range distances, as well as
intermediate distances, we adopt a simple phenomenological
equation such that
δω(r) = C4
(r − a)3 (C4/C3 + r − a) , (9)
which gives a unified description of the shift over all distances.
At small distances, equation (9) reduces to the van der Waals
equation (6) while at larger distances it reduces to the Casimir–
Polder equation (7). One can also show, by numerical
evaluation, that equation (9) reproduces the transition between
the van der Waals and Casimir–Polder shifts reasonably well.
Finally, the total power of the fluorescent light coupled
into the guided fibre mode at weak optical saturation can be
written as
P = h¯ω
∫
γ (g)(r)2[
ω − ω00 + δω(r)
]2
+ γ 2(r)
n(r) dV. (10)
A numerical evaluation of the integral defined by equation (10)
is given in the following section. Before presenting the
numerical results, we will briefly discuss the spatial selectivity
of the surface interactions and present numerical values of their
corresponding redshifts.
Let us assume, for simplicity, that the ensemble of cold,
two-level atoms placed around the optical fibre is spatially
broad. In principle, every atom could be excited by the laser
field and, subsequently, would be able to emit fluorescent light.
However, the resonance condition restricts the spatial position
of atoms which can, in reality, emit fluorescence. According
to equation (10), when the resonance condition occurs at short
distances, i.e. in the case of the van der Waals interaction, the
atoms are essentially excited at a mean radial position, rvdW,
given by
rvdW  a + 3
√
C3
ω00 − ω
, (11)
occupying a cylindrical shell coaxially located around the
optical fibre as shown in figure 3. In a similar way, when the
3
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Table 1. Position and width of the cylindrical shell containing
excited two-level atoms for van der Waals and Casimir–Polder
interactions.
ω ω00 − 2γ0 ω00 − 3γ0 ω00 − 4γ0
rvdW − a (nm) 74 64 58
δrvdW (nm) 29 16 10
rCP − a (nm) 64 57 53
δrCP (nm) 17 11 7
resonance condition is satisfied at long distances, the Casimir–
Polder interaction is responsible for the excitation of atoms in
a cylindrical shell with mean radial position, rCP, given by
rCP  a + λ2π
4
√
3γ0
8π
(
ω00 − ω
) . (12)
The spatial width, δr , of the cylindrical shell containing excited
atoms is defined by a position-dependent frequency width,
2γ (r), of an optical resonance. Assuming that, at the edges of
the shell the probability of atomic excitation is half of that at
the centre of the shell, one can evaluate the radii of the shell
edges, r1 and r2, as roots of the equations
ω0
(
r1,2
)  ω0 (r) ∓ γ (r1,2). (13)
Hence, the spatial width of the cylindrical shell containing
excited atoms is given by δr = r2 − r1. It can be easily shown
that, when the average frequency shift, ω00 − ω0(r), exceeds
the natural linewidth, γ (r), the spatial width of the shell is
small compared to the shell radii, i.e. δr  r1,2, and can
be evaluated neglecting small variations in the spontaneous
emission rate inside the shell, i.e. making the approximation
γ (r1,2)  γ (r)  γ0. For the van der Waals interaction this
simplification results in an estimate of the spatial width of the
shell that is given by
δrvdW  2(rvdW − a)
4γ0
3C3
. (14)
For the case of the Casimir–Polder interaction the above
simplification yields a characteristic width
δrCP  2λ3
(
2π(rCP − a)
λ
)5
. (15)
The total power of the fluorescent light exciting the guided
fibre mode is proportional to the volume, V , of the cylindrical
shell with inner radius, r1, and outer radius, r2, i.e. the volume
V = π (r22 − r21 ) l  2πrδrl, where l is the spatial extension
of the atomic ensemble along the fibre. Hence, the power
of the fluorescent light coupled into the guided mode can be
evaluated from
P = 2πh¯ωγ (g) (r) 
2
γ 2(r)
n(r)rδrl. (16)
For the van der Waals and Casimir–Polder interactions the
mean radius and width of the shell containing excited atoms
can be estimated from equations (11), (12), (14) and (15).
Numerical values of the mean radii and widths of the
shells for the van der Waals and Casimir–Polder interactions
for typical optical dipole transition parameters are given in
table 1. The data have been calculated for a value of the van
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Figure 4. Normalized spontaneous decay rate of a two-level atom
into the fundamental guided mode, HE11, as a function of distance
between the atom and the axis of the optical nanofibre for a radius
a = 200 nm.
der Waals constant, C3 = 2π · 2 kHz (μm)3, a wavelength,
λ = 800 nm, and for three values of the laser field frequency,
ω = ω00 − nγ0, with n = 2, 3, 4 and 2γ0 = 2π · 5 MHz
chosen as a typical value of the natural linewidth for the optical
dipole transition. As can be seen from table 1, the above
evaluations give very similar average distances for both the
van der Waals and Casimir–Polder interactions. This implies
that the Casimir–Polder contribution to the spectral lineshape
is expected to be small when compared to that from the van
der Waals interaction. In other words, the Casimir–Polder
potential should yield a contribution comparable to that of the
van der Waals potential only at such small distances where,
physically, the van der Waals potential exists.
3. Numerical evaluations
In our basic equation (10) there are two unknown quantities:
the spontaneous emission rate into the guided mode and the
spontaneous emission rate into the radiation modes. Of these
two quantities, the most important for our analysis is the rate
of spontaneous emission into the guided mode. This quantity
varies sharply near the surface of the fibre and, therefore,
strongly influences the rate of coupling of spontaneously
emitted light into the fibre. The rate of spontaneous
emission into the radiation modes changes weakly near the
fibre, keeping its value approximately equal to the rate of
spontaneous emission into free space. In the following
analysis, we will neglect the weak spatial dependence of
the spontaneous emission rate into the radiation modes and
consider only the position dependence of the spontaneous
emission rate into the guided mode.
A complete evaluation of the spontaneous emission rate
into the fundamental guided mode of an optical fibre is
presented in appendices A and B. The spatial distribution
of the evanescent light field of a fundamental guided mode
is given in appendix A, while the spontaneous emission rate
into the fundamental mode is given in appendix B. Figure 4
shows the dependence of the spontaneous decay rate for a two-
level atom as a function of the distance between the atom and
the optical nanofibre surface calculated according to equation
(B.10).
We can now estimate the fluorescence emission line
spectrum for 85Rb and 133Cs atoms. We assume the atoms
emit fluorescence light into an optical fibre made of fused
4
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Figure 5. Frequency dependence of the fluorescence power from an atom cloud coupled into the optical nanofibre in the van der Waals
approximation. (a) Rb atoms with fixed fibre radius a = 200 nm and an atomic cloud radius R = 600 nm, 400 nm, 200 nm and 150 nm.
(b) Cs atoms with fixed cloud radius R = 300 nm and a nanofibre radius of 200 nm, 300 nm and 350 nm. The solid black line shows the free
space lineshape and all lines are normalized to a maximum value of 1 for ease of comparison.
silica, with permittivity, ε = 2.1. The Rb atoms are assumed
to be excited at the 5S–5P optical dipole transition, with
a wavelength of 780 nm and a spontaneous decay rate of
2γ0 = 2π · 6 MHz [26, 27] from the upper 5P state into
free space. For the Rb optical transition under consideration
the van der Waals constant is evaluated as C3 = 2π · 3 kHz
(μm)3 [19, 28, 29]. Cs atoms are assumed to be excited at the
6S–6P optical transition with a wavelength of 852 nm and a
spontaneous decay rate of 2γ0 = 2π · 5.2 MHz [26] from the
upper 6P state into free space. The van der Waals constant for
the Cs atom optical transition is C3 = 2π · 1.56 kHz (μm)3
[19, 28, 29]. For both optical transitions, with relatively close
wavelengths, the refractive index of the fibre is chosen to be
n1 = 1.45 and the refractive index of the outside medium is
n2 = 1.
We assume that the cold atoms are distributed in a
spherically shaped cloud of radius R that is centred on the
axis of the optical fibre of radius a and surrounds the fibre.
The cloud has no atoms inside the cylindrical region occupied
by the fibre. In the region outside the fibre the cloud
has a Gaussian density distribution described in cylindrical
coordinates z, r, φ as
n(z, r) = N
π
√
πR3
exp
[
a2 − r2 − z2
R2
]
, (17)
where N is the total number of atoms and is given by
N = 2π
∫
n(r)rdrdz. (18)
It is worth noting here that, for the shape of atom cloud that we
consider, i.e. a cloud with an empty internal volume, one can
expect an increase in the strength of the surface effects due to
the increased ratio of the surface area to the cloud volume.
In figure 5 we show the estimated coupled fluorescence
spectrum for rubidium and caesium atoms, calculated under
the assumption that equation (9) has the same form as
equation (6), i.e. in the approximation of the van der Waals
shape for the total potential. Figure 5(a) shows the frequency
dependence for rubidium atoms as the atom cloud size varies
and the fibre radius is fixed. As one can see, the asymmetry of
the fluorescence lineshape increases as the radius of the atomic
Figure 6. Frequency dependence of the fluorescence power from a
Cs cloud coupled into the optical nanofibre for redshift contributions
from both the van der Waals and Casimir–Polder effects. The cloud
radius is R = 400 nm and the nanofibre radius is varied. The solid
black line shows the free space lineshape and all lines are
normalized to a maximum value of 1 for ease of comparison.
cloud decreases. In other words, the tighter the cloud around
the fibre the more pronounced the asymmetry becomes. As
the radius of the cloud increases, the atoms located further
from the nanofibre are less influenced by the change in the
van der Waals frequency shift and, hence, the shape of the
fluorescence spectrum approaches that of the symmetrical,
free space distribution.
In figure 5(b), we present the reverse situation for caesium
atoms, i.e. the atom cloud size is kept constant while varying
the size of the nanofibre. As can be seen, a very similar
result is obtained. As we increase the fibre radius, more of
the fluorescing atoms are very close to the surface of the fibre
and, as a result, the van de Waals potential affects a greater
proportion of the total atoms in the cloud, leading to more
pronounced asymmetry in the lineshape.
If we now consider a total surface potential (cf
equation (9)), which describes the van der Waals potential
at short distances and the Casimir–Polder potential at long
distances, we see that a similar phenomenon is observed
5
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(a) (b)
(c) (d)
Figure 7. Frequency dependence of the fluorescence power from a Cs cloud coupled into the optical nanofibre for different lineshape
contributions: van der Waals effect only (solid line), Casimir–Polder + van der Waals (dashed line), for different cloud radii and fibre radii.
All lines are normalized to a maximum value of 1 and the free space lineshape (dotted line) is provided for ease of comparison between the
curves.
(cf figure 6 for caesium atoms). It is clear that the most
pronounced effect is obtained when the fibre radius approaches
that of the effective cloud radius. This arises since there is a
greater population of atoms fluorescing near the fibre surface
under such conditions. In the case where the fibre radius and
cloud radius are equal, we obtain the most evident asymmetry,
as illustrated in figure 6 for a = 400 nm. Note that the
inclusion of the Casimir–Polder potential at long distances
has resulted in a slight reduction of the redshift of the peak
position of the lineshape compared to that obtained for the
van der Waals interaction alone (cf figure 5(b)). However,
the overall asymmetry of the lineshape is still very clear
at negative detunings. The reduction of the redshift can
naturally be explained by an increased number of atoms with
a reduced redshift value. In other words, the approximation
C4 = 0 slightly overestimates the value of the spectral line
redshift.
The slight reduction in the observable redshift due to
the inclusion of the Casimir–Polder effect is evident from
the plots in figure 7. Hence, while the van der Waals
interaction is clearly the dominant influence on the lineshape,
the overall lineshape should include the contributions from the
Casimir–Polder effect in order to obtain a precise prediction
of the fluorescence coupled into a nanofibre. A comparative
investigation of this behaviour for different values of a and R
is given, in order to determine under what conditions this
change to the lineshape, arising from the Casimir–Polder
effect, can be neglected. Clearly, irrespective of the values
chosen for a and R, no appreciable difference arises when
one includes the Casimir–Polder effect. In fact, we see that
the overall redshift decreases with increasing values of a and
R. For a = R = 200 nm there is a small, but identifiable,
difference between the two spectra as shown in figure 7(a).
Figure 8. Power coupled into a nanofibre as a function of fibre
radius. The power shown is the maximum power for each value of
fibre radius. The data were plotted for a Rb cloud with R = 500 nm.
For larger values of R with respect to a (figures 7(b) and
(c)), the difference between the lineshapes reduces as the
spectra approach the free space lineshape. Even in the case of
a = R = 600 nm (figure 7(d)), any difference between the two
regimes is essentially unresolvable. One explanation behind
this result is that, when a = R, very few atoms experience the
Casimir–Polder interaction as the cloud density has decreased
by a factor of exp
(
a+λ/10
R
)2
in the region where Casimir–
Polder dominance begins. When R > a the density of atoms
has also reduced significantly at the crossover region, thereby
yielding a very small contribution to the lineshape from the
distant atoms.
Note that, for ease of comparison, we have normalized
all powers coupled into the nanofibre to a maximum value
of 1 in figures 5–7. In reality, there are large differences in
the total power coupled into nanofibres of different radii. In
figure 8, we plot the total power coupled into a nanofibre as
6
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a function of nanofibre radius and, as expected, the power
reduces significantly with increasing fibre radius for a fixed
atom cloud size.
4. Conclusion
We have examined the efficiency of coupling the fluorescence
emitted from an ensemble of cold, two-level atoms
into an optical nanofibre and we have calculated the
frequency dependence of fluorescence power coupled into the
fundamental guided mode of the nanofibre. We evaluated
the coupled fluorescence spectrum by considering the total
surface potential that describes the van der Waals potential
at short distances and the Casimir–Polder potential at long
distances. Our evaluations show that the van der Waals
redshifts may be responsible for a pronounced asymmetry
of the coupled fluorescence spectrum, whereas the Casimir–
Polder redshifts may produce a slight asymmetry of the
fluorescence line. The asymmetry is found to be more evident
for atomic ensembles that are tightly confined around the
optical nanofibre. We also found that the asymmetry of the
fluorescence line increases as the fibre radius is increased and
there is clear evidence of a long red tail. We conclude that
for a correct and accurate comparison of the experimentally
obtained profile of the lineshape with the theoretical lineshape
one should generally consider the total surface potential taking
into account both the van der Waals and Casimir–Polder
redshifts. This is particularly important if one considers atom
clouds that are very tightly confined around the nanofibre [12].
In this work we considered the fibre to be a flat surface,
as seen by the atoms, due to the relatively short distances
being considered. A more realistic approach would be to
consider the cylindrical nature of the surface. Earlier work
[18] has shown that the flat surface approach is a reasonable
first approximation. Note also that, if the power coupled into
the fibre were monitored at both ends, quantum correlations
between the modes emitted in opposite or equal directions
could be studied. Nayak et al [30] have recently conducted
beautiful experiments based on this idea with laser-cooled
Cs atoms. Using a Hanbury Brown–Twiss setup, the photon
correlation was seen to change from antibunching to bunching
as a function of increasing atom number, when photons were
propagating in the same direction along the fibre. In contrast,
when the photons were detected at opposite ends of the
nanofibre, antibunching was always observed. However, for
this type of experiment, the van der Waals and Casimir–Polder
effects are negligible, since photon count rates, rather than
emission spectra, are the quantities of interest [31].
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Appendix A. Spatial distribution of the electric field
for the fundamental guided mode, HE11, of an
optical nanofibre
We represent the operator of a quantized vacuum electric field
of the guided modes of a nanofibre in a standard form
E =
∑
Eλaλ + h.c., (A.1)
where Eλ is the electric field of a single vacuum guided mode,
aλ is the photon annihilation operator, and indexλ describes the
direction of propagation and polarization of a single vacuum
guided mode. The electric field of a single guided mode can
be represented as [32]
Eλ = i
√
h¯ωλ
2ε0L
e˜λe
iβλz+imϕ, (A.2)
where ωλ is a mode frequency, βλ is a propagation constant,
e˜λ = e˜λ(r, φ) is a normalized amplitude of the electric field,
m is a quantum number of the mode angular momentum and
L is the length of a one-dimensional ‘box’ which is defined by
a spatial periodicity of the field. The electric field amplitude
of a single guided mode is normalized as∫ 2π
0
∫ ∞
0
n2(r) |˜eλ|2 dϕrdr = 1, (A.3)
where n(r) is the value of the refractive index equal to n1
inside the fibre and n2 = 1 outside the fibre. The above
representation of the vacuum field corresponds to a standard
form of the vacuum field Hamiltonian
Hvac = 2ε0ε
∑∫
dV |Eλ|2
(
a
†
λaλ +
1
2
)
=
∑
h¯ωλ
(
a
†
λaλ +
1
2
)
. (A.4)
For the fundamental guided mode, HE11, the propagation
constant β is defined by the eigenvalue equation as
J0 (ha)
haJ1 (ha)
= −
(
n21 + n
2
2
2n21
)
K ′1 (qa)
qaK1 (qa)
+
1
h2a2
−
[(
n21 − n22
2n21
)2(
K ′1(qa)
qaK1(qa)
)2
+
(
β
n1k
)2( 1
h2a2
+
1
q2a2
)2]1/2
,
whereJm are Bessel functions of the first kind, Km are modified
Bessel functions of the second kind, k = ω/c and
h =
√
n21k
2 − β2, q =
√
β2 − n22k2.
We note that there are four different field distributions for
the fundamental mode HE11: two with opposite directions
of propagation and two with opposite circular polarizations.
In what follows, we write the field distribution for a guided
mode with positive propagation constant and positive circular
polarization using decomposition over cylindrical unit vectors
e˜ = er e˜r + eϕe˜ϕ + ez˜ez.
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The cylindrical components of a normalized electric field
amplitude for the HE11 mode in the core region are given
by [33]
e˜r = iAq
h
K1(qa)
J1(ha)
[(1 − s)J0(hr) − (1 + s)J2(hr)],
e˜ϕ = −Aq
h
K1(qa)
J1(ha)
[(1 − s)J0(hr) + (1 + s)J2(hr)],
e˜z = 2Aq
β
K1(qa)
J1(ha)
J1(hr),
and outside of the core region are given by
e˜r = iA[(1 − s)K0(qr) + (1 + s)K2(qr)],
e˜ϕ = −A[(1 − s)K0(qr) − (1 + s)K2(qr)],
e˜z = 2A (q/β)K1(qr).
In the above equations, s is a dimensionless parameter such
that
s = 1/h
2a2 + 1/q2a2
S
,
where the denominator is as
S = J ′1(ha)/haJ1(ha) + K ′1(qa)/qaK1(qa).
The normalization constant defined from equation (A.3) is
A = β
2q
J1(ha)/K1(qa)√
2πa2
(
n21N1 + n
2
2N2
) ,
where
N1 = β
2
4h2
{
(1 − s)2[J 20 (ha) + J 21 (ha)]
+ (1 + s)2
[
J 22 (ha) − J1(ha)J3(ha)
]}
+
1
2
[
J 21 (ha) − J0(ha)J2(ha)
]
and
N2 = J
2
1 (ha)
2K21 (qa)
{
β2
2q2
[
(1 − s)2[K21 (qa) − K20 (qa)]
− (1 + s)2[K22 (qa) − K1(qa)K3(qa)]]
− K21 (qa) + K0(qa)K2(qa)
}
.
The intensity distribution of the electric field inside the core is
defined by a quantity
|˜e(r)|2 = 2A2 K
2
1 (qa)
J 21 (ha)
{
q2
h2
[
(1 − s)2J 20 (hr)
+ (1 + s)2J 22 (hr)
]
+
2q2
β2
J 21 (hr)
}
(A.5)
and outside the core it is defined by the quantity
|˜e(r)|2 = 2A2
[
(1 − s)2K20 (qr) + (1 + s)2K22 (qr)
+
2q2
β2
K21 (qr)
]
. (A.6)
Appendix B. Evaluation of the spontaneous decay
rate into the fundamental guided mode
The following derivation of the spontaneous emission rate
follows a standard approach based on the Hamiltonian for a
system ‘two-level atom + vacuum field’ given by
H = h¯ω0b+b +
∑
λ
h¯ωλ
(
a+λaλ + 1/2
)
− d ·
∑
λ
(Eλb+aλ + E∗λba+λ), (B.1)
where b+ and b are the atomic excitation and de-excitation
operators, a+ and a are the creation and annihilation operators,
and d is a matrix element of the atomic dipole moment. For
the Hamiltonian (B.1) the equations for probability amplitudes
for the simplest case of a vacuum field initially in the vacuum
state are
c˙e,0 = i
h¯
∑
λ
d · Eλe−iλtcg,1λ , (B.2)
c˙g,1λ =
i
h¯
d · E∗λeiλtce,0, (B.2)
where cg,1λ are the probability amplitudes of the states which
include the ground atomic state and the state of the vacuum
field with one photon in mode λ and ce,0 is a probability
amplitude of the state which includes the excited atomic state
and the state of the vacuum field with zero photon numbers in
all the modes.
Taking a formal solution of the second equation in the
above set
cg,1λ =
i
h¯
d · E∗λ
∫ t
t0
eiλt
′
ce,0(t
′) dt ′, (B.3)
and substituting it into the first equation one can obtain an
equation which describes the spontaneous decay of the upper
atomic state
c˙e,0 = − 1
h¯2
∑
λ
|d · Eλ|2
∫ t
t0
eiλ(t
′−t)ce,0(t ′) dt ′. (B.4)
An application of the above equation to the vacuum modes of
free space gives a well-known decay equation
c˙e,0 = −γ0ce,0, (B.5)
where γ0 is half the spontaneous decay rate into free space,
Wsp = 2γ0 = 14πε0
4d2ω30
3h¯c3
. (B.6)
We now apply the basic equation (B.4) to the fundamental
guided mode HE11 of the vacuum field. The vacuum field
of a single guided mode can be considered as periodic with
spatial period, L, and the periodicity condition can be written
as βαL = 2πnα, where nα = 1, 2, 3, . . . defines different
values of the propagation constant, βα . By making use of the
periodicity condition, the sum over discrete numbers, nα , in
equation (B.4) can be replaced by an integral such that∑
→ L
2π
∫
dβ.
Taking into account a one-to-one correspondence between
values of the propagation constant and frequencies of the
8
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vacuum modes, β = β(ω), one can replace dβ by dβ = β˜ ′dω,
where β˜ ′ = dβ/dω. This gives∑
→ L
2π
∫
β˜ ′dω.
Next, integrating equation (B.4) over frequency and time and
using an equation∫
ei(ω−ω0)(t
′−t)dω = 2πδ(t − t ′),
while taking into account that the fundamental mode HE11
has two directions of propagation and two polarizations,
equation (B.4) can be rewritten as
c˙e,0 = −γ (g)ce,0, (B.7)
where γ (g) is half the spontaneous decay rate into the guided
mode
W(g)sp = 2γ (g) =
ω0β˜
′
ε0h¯
|d · e˜|2 . (B.8)
In the last equation, e˜ is an amplitude of the guided mode
with a positive propagation constant and positive circular
polarization. Note that equation (B.8) coincides with a
corresponding equation from [6].
Assuming d = d+ is a spherical component of the atomic
dipole moment one can finally rewrite the spontaneous decay
rate into the fundamental guided mode HE11 as
W(g)sp (r) = 2γ (g) = 2A2
d2ω0β˜ ′
ε0h¯
[
(1 − s)2K20 (qr)
+ (1 + s)2K22 (qr) +
2q2
β2
K21 (qr)
]
, (B.9)
where the constant A is defined by equation (A.5). Equation
(B.9) can be rewritten in a convenient form by introducing
a dimensionless derivative, β ′ = dβ/dk = cβ˜ ′, and making
use of equation (B.6) for the spontaneous decay rate into free
space,
W(g)sp (r) = 2γ (g) = γ0
3A2λ2β ′
π
[
(1 − s)2K20 (qr)
+ (1 + s)2K22 (qr) +
2q2
β2
K21 (qr)
]
. (B.10)
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Abstract
We present a method for measuring the average temperature of a cloud of cold 85Rb atoms in a
magneto-optical trap using an optical nanofibre. A periodic spatial variation is applied to the
magnetic fields generated by the trapping coils and this causes the trap centre to oscillate,
which, in turn, causes the cloud of cold atoms to oscillate. The optical nanofibre is used to
collect the fluorescence emitted by the cold atoms, and the frequency response between the
motion of the centre of the oscillating trap and the cloud of atoms is determined. This allows
us to make measurements of cloud temperature both above and below the Doppler limit,
thereby paving the way for nanofibres to be integrated with ultracold atoms for hybrid
quantum devices.
Keywords: rubidium, laser cooling, temperature, nanofibre, forced oscillation
(Some figures in this article are in colour only in the electronic version)
1. Introduction
In recent studies, it has been shown that optical nanofibres
exhibit excellent fluorescence detection sensitivity when
implemented in a cold atom system [1–4]. These devices
are fabricated by heating and stretching a segment of single-
mode optical fibre until a subwavelength waist diameter is
achieved [5–7]. When performed adiabatically [8], this
process allows minimal optical transmission loss through
the nanofibre. Recent work involving the use of optical
7 Author to whom any correspondence should be addressed.
8 Both authors have contributed equally to this publication.
9 Current address: Department of Physics and Astronomy, University of
Sheffield, Hounsfield Road, Sheffield S3 7RH, UK.
nanofibres in laser cooling experiments has demonstrated their
functionality both as sensors [1–4, 9, 10] and as a platform
for atom trapping [1, 11, 12]. In both applications, the
nanofibre acts as a non-destructive interface which can be
used to confine, manipulate or probe cold atoms in a controlled
manner, and typical atom cloud characteristics, such as loading
time, spatial profile and lifetime, can be determined [3, 4]. As
has been previously demonstrated [3], optical nanofibres can
be used to detect small numbers of fluorescing atoms in their
vicinity. By overlapping an atom cloud and a nanofibre, a
significant proportion of fluorescent photons from the atom
cloud are coupled into the guided modes of the fibre as
illustrated in figure 1. These photons can be detected with
0957-0233/12/015201+08$33.00 1 © 2012 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Schematic of the atom cloud overlapping the nanofibre,
illustrating the coupling of fluorescence photons to the guided mode
of the fibre.
a single photon counting module (SPCM) placed at either end
of the fibre.
There have been a number of theoretical [13–16] and
experimental [9, 10] studies on the coupling of the resonance
fluorescence from laser-cooled atoms into the guided modes
of optical nanofibres. Results have shown that the lineshape of
the fluorescence is broadened and red-shifted by up to 5 MHz
due to the van der Waals and Casimir–Polder [15] interactions
which exist between the dielectric surface of the nanofibre
and the laser-cooled atoms. In particular, the spontaneous
emission rate of the atoms is enhanced when they are near the
nanofibre surface [9, 17].
Here, we report on a new method for measuring the
temperature of a cloud of cold atoms by coupling the resonant
fluorescent photons from the laser-cooled atoms into the
guided modes of the optical nanofibre. On imparting a
one-dimensional oscillatory motion to the magnetic trap, the
phase difference between the oscillations of the trap and
the oscillations of the atom cloud can be determined by
measuring the photon count rate at one end of the nanofibre.
Thence, it is possible to estimate the temperature of the
atoms via a determination of the spring constant of the trap
[18]. This magnetic-field-based forced oscillation technique
was originally implemented for a conventional fluorescence
imaging setup [19, 20]. With an optical nanofibre, this
measurement technique is highly sensitive to just a few
atoms and has distinct advantages over alternative temperature
measurement techniques since the nanofibre method is non-
destructive. For example, time-of-flight measurements are
appropriate for low-velocity atoms [21, 22] but require fast
switching of the magnetic field coils and, while precise, it is
a destructive technique. An extension of the time-of-flight
method is that of release-recapture [23], whereby the atom
cloud is allowed to expand ballistically for a pre-determined
length of time. Both the cloud shape and capture region must
be known in order to fully analyse the characteristic release-
recapture motion. In general, the trapped atoms under study—
either via their fluorescence signal or by using a resonant
probe beam—are those that are coldest and, thus, are located
closest to the centre of the magneto-optical trap (MOT) where
the nanofibre is positioned. External observation using a
photodiode gives a view of the whole cloud and no access
to the inner distribution. However, the nanofibre is ideal for
probing small numbers of atoms located near the nanofibre
and in the central region of the trap.
The first demonstration of the forced harmonic MOT
method by Steane and Foot [19] used the radiation force of
an additional laser beam to push the trapped atoms away from
the trap centre. However, they required three-dimensional
sub-Doppler theory to calculate the pushing force. The
motion of our atom cloud is restricted to one dimension,
allowing straightforward analysis using the well-established
forced harmonic oscillator model.
2. Theory of forced oscillation temperature
measurement
To measure the temperature of a cold atom cloud, the system
is viewed as isolated from the surrounding environment. This
allows us to define the temperature, T, in terms of the average
kinetic energy, 〈Ek〉, of the atomic sample [24]:
1
2kBT = 〈Ek〉 , (1)
where kB is Boltzmann’s constant. An atom trapped in the
oscillating MOT behaves as a damped harmonic oscillator
[20], the motion of which is described by
mx¨ = −κx − λx˙, (2)
where m is the atomic mass, x is the atom’s position, κ is
the spring constant and λ is the damping coefficient. We have
neglected stochastic heating of the cloud due to the low atomic
density.
In thermal equilibrium, the atom cloud has a thermal
energy given by [19, 20]
kBT = κ
〈
r2x
〉 = m〈v2〉, (3)
where
〈
r2x
〉
is the 1/e2 radius of the atom cloud along the
direction of forced oscillation and 〈v2〉 is the mean square
atomic velocity. To measure κ , the cloud is forced to oscillate
in the x-plane. The periodic motion of the trap centre is
given by x(t) = ξ0 cos(ωt), where ξ0 is the maximum
displacement of the trap centre and ω is the applied oscillation
frequency. By ensuring that the maximum displacement of
the cloud is small, it remains within the linear regime of the
trap and the motion of an atom within the trap is described by
x(t) = A(ω) cos (ωt − φ(ω)), where
A(ω) = ω
2
nξ0√(
ω2n − ω2
)2
+ γ 2ω2
, (4)
and
φ(ω) = π
2
− tan−1 ω
2
n − ω2
2γω
. (5)
Here, ωn is the natural frequency of the trap and is related
to the spring constant by κ = mω2n, and γ = λ/2m is the
damping constant. Therefore, by measuring the phase, φ(ω),
we can obtain κ , allowing the temperature to be determined
from equation (3). It can be seen from equation (5) that the
natural frequency and oscillation frequency are equal when
φ(ω) = π/2.
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(a) (b)
(c)
Figure 2. (a) Nanofibre positioned off-centre within the atom cloud, (b) Gaussian density profile of the atom cloud, (c) qualitative sketch of
the nanofibre output for a sinusoidal oscillation of the atom cloud across the fibre.
3. Realization of temperature measurement
3.1. Principle
To carry out forced oscillation temperature measurements,
typical methods of forcing the MOT to oscillate are using
either a pushing laser beam [19] or superimposing a small
oscillating magnetic field [20] on the main trapping field of
the MOT. In the latter technique, the current supplied to a pair
of translation Helmholtz coils is modulated, causing the atom
cloud to oscillate and the motion is that of a forced, damped
harmonic oscillator. Fluorescent photons from the atom cloud
are focused onto a photodiode producing a sinusoidal output
signal, which can be frequency analysed using a spectrum
analyser. A plot of phase, φ(ω), versus applied oscillation
frequency, ω, is generated and the natural frequency is equal
to the applied frequency when φ(ω) = π/2, as seen from
equation (5). Once the natural frequency is known, the spring
constant can be determined since κ = mω2n. The 1/e2 radius
of the cloud is found by imaging it with a CCD camera.
In our setup, the current to just one of the anti-Helmholtz
magnetic coils is modulated so that the minimum of the
magnetic field oscillates over a small, one-dimensional spatial
range, which is less than the radius of the atom cloud. The
decision to modulate the current to an anti-Helmholtz coil
rather than the smaller compensation coils was a technical
one, based on the quality of the power supplies in use. Unlike
conventional fluorescence detection schemes [20], an optical
nanofibre is utilized instead of a photodiode (PD). The optical
nanofibre passes vertically through the central region of the
stationary trap and is connected to an SPCM. For comparison,
we also make a single temperature measurement using the PD
detection system similar to that described in [19].
We assume that the atom cloud has a Gaussian density
profile and the number of photons coupled into the nanofibre
is proportional to the atom density at any point in the cloud,
as previously shown in [1]. The atom cloud and nanofibre are
overlapped, with the nanofibre slightly off-centre within the
cloud, as shown in figure 2(a). During the forced oscillation
of the atom cloud, the nanofibre remains stationary. As the
current in the coils reaches its maximum and minimum values,
Imax and Imin, the displacement of the atom cloud is largest after
a specific length of time which depends on the frequency of the
current modulation. These points of maximum displacement
are illustrated in figure 2(a), with the corresponding points
detailed on the density profile of the atom cloud shown in
figure 2(b). If we assume that the oscillations of the cloud
are small, the change in the density profile of the cloud can
be assumed to be linear over this variation in position and a
similar variation will occur in the number of photons coupled
into the nanofibre. Hence, sinusoidal oscillations of the atom
cloud across the nanofibre will lead to a sinusoidal variation in
photon counts as detected with the SPCM. This is illustrated
in figure 2(c).
3.2. Experimental method and results
The cold atom cloud is formed in a standard MOT
configuration for 85Rb [3, 25], where three orthogonal counter-
propagating cooling beams intersect at the centre of an
inhomogeneous magnetic field. The cooling laser is locked
to the crossover peak, 5S1/2Fg = 3 → 5P3/2Fe = (2, 4)co and
then red-shifted by 12.4 MHz from the cooling transition using
an acousto-optical modulator. Each beam has a diameter of
∼20 mm and an intensity of ∼2 mW cm−2. A similar setup is
used for the re-pumping laser which is locked to the crossover
peak, 5S1/2Fg = 2 → 5P3/2Fe = (1, 3)co, and then shifted
towards the re-pumping transition. The magnetic field is
created by a pair of anti-Helmholtz coils and the field gradient
is ∼15 G cm−1. Typically, between 104 and 106 atoms were
trapped in the MOT during the course of this work.
To fabricate the nanofibres, a heat-and-pull-technique is
used [5–7]. A commercially available 780HP optical fibre is
heated using an oxygen-butane flame and drawn out using a
3
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Figure 3. Schematic diagram of the experimental setup for carrying out temperature measurements using the forced oscillation technique.
Only the nanofibre detection scheme is shown. SPCM: single photon counting module; DAQ: data acquisition card; UHV: ultra high
vacuum; CCD: charge coupled device camera.
pair of stepper motors. This leads to tapering of the optical
fibre to a minimum waist diameter. For these experiments,
the transmission of the nanofibre was ∼60% compared to
the transmission through the non-tapered fibre and the waist
diameter was ∼700 nm, i.e. sub-wavelength. After fabrication,
the nanofibre is mounted on an aluminium U-shaped mount so
that it is vertical, reducing any gravitational bend or sag in the
waist region. Initially, the nanofibre is aligned centrally in the
MOT. The fibre pigtails are coupled into and out of the UHV
chamber using a Teflon feed-through [26, 27].
A schematic diagram of the setup used for the forced
oscillation temperature measurement is shown in figure 3. To
determine the radius of the atom cloud, it is magnified and
imaged on a CCD camera, which was calibrated using objects
of known dimensions. The output of the CCD camera is sent
to a TV monitor for real-time viewing and a video card for
recording and imaging.
To take a single phase measurement, function generator
1 is set to a fixed oscillation frequency, ω, causing the atom
cloud to oscillate. At the same time, the function generator
outputs a TTL signal that is in phase with the oscillating output,
as shown in figure 4. The TTL signal is split between a
transistor switch and a data acquisition (DAQ) card. Initially,
the transistor switch is closed and does not allow the TTL
signal to pass. When the switch is opened, the TTL signal
triggers function generator 2, which outputs a burst of 1000
TTL pulses of variable width depending on ω. This TTL
signal is then used to trigger the counter of the SPCM and the
DAQ card so that both measurements are synchronized. The
DAQ card measures the applied modulation signal (reference),
and the SPCM counter measures the modulated photon count
rate (signal) through the nanofibre. This timing sequence is
(a)
(b)
(c)
(d)
(e)
Figure 4. Timing diagram for the experiment.
illustrated in figure 4. The phase between the reference and
the signal yields the natural frequency from equation (5).
Initially, a reference result was taken for the temperature
of the cold atom cloud using the PD setup as mentioned.
4
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Figure 5. Plot of phase against oscillation frequency using a PD and
spectrum analyser. This provides a reference value for the cold atom
temperature as measured with a nanofibre.
Figure 5 is a plot of phase versus applied oscillation frequency
as measured directly using a spectrum analyser. When the
phase is 90◦, the natural frequency is equal to the applied
frequency (see equation (5)) of 25.2 Hz. The 1/e2 radius
was measured to be 1.01 mm and, using equation (3), an
ensemble temperature of 260 μK was determined. The largest
source of error in the temperature, T, for both the PD and
nanofibre techniques, originates from measuring the radius of
the atom cloud. Using a Gaussian fit to the cloud profile, the
maximum error on the radius, rx , is 0.5 pixels, equivalent to
0.023 mm in real space. Therefore, to determine the error for
each temperature value, the following empirical formula was
used:
Error =
(
2
ωn
ωn
+ 2
〈rx〉
〈rx〉
)
T . (6)
A sinusoidal fit was applied to each set of data in order to find
the natural frequency. Figures 6(a) and (b) show two examples
of the photon count rates obtained at one end of the fibre for
two different applied modulation frequencies of 10 and 50 Hz,
respectively. These data were then compared to the actual
modulation data as measured using the DAQ card in order to
determine the phase between the two signals.
For increasing oscillation frequency, an increase in the
phase is observed as shown in figures 7 and 8. In figure 7,
the normalized raw data from the SPCM are plotted against
the phase angle for two complete oscillations of the cold atom
cloud. For each increment in the oscillation frequency, the
phase increases further away from the input modulation. In
figure 8, the phase shift is plotted against the modulation
frequency. Each point on this plot represents an averaged
value of phase, calculated from a number of readings for
each oscillation frequency. The experiment was repeated
for frequencies ranging from 5 to 50 Hz and varying cloud
radius—these results are presented in table 1.
The natural frequency was determined by averaging over
a large number of readings for each oscillation frequency, and
error approximation based on the standard deviation yields an
(a)
(b)
Figure 6. Plot of SPCM counts and fitted sine wave against time,
for an oscillation frequency of (a) 10 Hz and (b) 50 Hz.
Figure 7. Plot of normalized SPCM output against rotation angle
for various oscillation frequencies, showing the changing phase shift
due to the modulation as the frequency increases.
Table 1. Estimated temperature values obtained for an atom cloud
of varying radius and modulation frequency for a fixed laser
detuning of −12 MHz.
Detection Frequency Spring constant Radius Temperature
method (Hz) (10−21 kg s−2) (mm) (μK)
PD 25.2 3.56 1.01 260 ± 33
(reference)
Nanofibre 25.2 3.56 1.15 338 ± 40
Nanofibre 26.8 4.02 1.29 482 ± 53
Nanofibre 28.2 4.45 0.64 130 ± 19
uncertainty of 2.5% for ωn. This corresponds to a maximum
uncertainty of 1◦ on the phase, φ(ω).
By increasing the red-detuning of the cooling laser from
the cooling transition, further cooling of the trapped atoms in
the MOT can be achieved [24]. To investigate if the forced
5
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Figure 8. Plot of phase against oscillation frequency as determined
from data taken using the nanofibre.
Figure 9. Plot of phase against oscillation frequency for various
red-detunings from the cooling transition of 85Rb.
oscillation setup using the nanofibre can detect such changes in
the temperature of the atom cloud, temperature measurements
were made for various red-detuning values of the cooling laser.
Figure 9 is a plot of phase versus oscillation frequency for
different red-detunings. The natural frequency can be obtained
and, along with the radius of the atom cloud, the temperature
can be determined. These results are presented in table 2 and
figure 10.
As there exists some ambiguity in the literature concerning
the definition of radius for an atom cloud with a Gaussian
density distribution10, we have analysed our system using,
additionally, the 1/e radius and Gaussian full width at half
maximum. Figure 10 plots the temperature of the atom
cloud as a function of detuning for the three standard radius
definitions used.
10 See for example [1] (1/e2), [9] (1/√e), [34] (σrms).
Figure 10. Plot of atom cloud temperature against detuning for
three different definitions of cloud radius.
Table 2. Values of decreasing temperature for increasing
red-detuning of the cooling laser based on the 1/e2 cloud radius.
Detuning Frequency Spring constant Radius Temperature
(MHz) (Hz) (10−21 kg s−2) (mm) (μK)
12.4 43.1 10.4 1.14 973 ± 85
15.4 37.2 7.75 1.08 653 ± 63
18.3 37.2 7.75 0.82 374 ± 41
20.9 29.5 4.87 0.73 185 ± 24
23.4 26.0 3.79 0.57 89 ± 14
The results presented in table 2 and figure 10 are in
agreement with the expected trend, showing a decrease in the
atom cloud temperature with increased red-detuning from the
cooling transition, regardless of which cloud radius definition
is used. This consideration of cloud radius is particularly
relevant when discussing the effect which the hot surface of
the nanofibre has on the surrounding cold atoms. Importantly,
we have observed a sub-Doppler temperature at large enough
detuning, regardless of radius definition, thereby indicating
that such low temperatures can be reached even with the
hot fibre being present in the cloud. For the lower red-
detuning values in table 2 and figure 10, radiation pressure
forces may inflate the temperatures achieved as higher atom
numbers would have been present under these conditions. The
system is optically thin (< 0.3). It has been shown that
one may see significant effects of radiation trapping when
the resonant optical depth is of the order of 1 [28] or even a
factor 10 lower [29]. Therefore, further analysis incorporating
radiation trapping and heating effects will be the focus of future
discussion.
4. Conclusion
We have demonstrated a non-destructive technique for
measuring the temperature of a cloud of cold 85Rb atoms held
in a MOT. The technique used is that of forced oscillations,
which takes advantage of the mechanical properties of the
6
169
Meas. Sci. Technol. 23 (2012) 015201 L Russell et al
MOT. The fluorescence photons from the trapped atoms were
detected using an optical nanofibre, which was placed within
the atomic sample. Good agreement was found between
temperature measurements made using the optical nanofibre
and the conventional fluorescence imaging method with a
photodiode and, in each case, the forced oscillation technique
was used. As expected, a decrease in atom temperature
was observed for increased red-detuning of the cooling laser
beams regardless of the definition of cloud radius used. The
nanofibre-based temperature measurements yield marginally
higher results than the corresponding fluorescence imaging
method, and this may be attributed to the effect which
the relatively hot surface of the nanofibre has on nearby
laser-cooled atoms. Future work will concentrate on the
effect that passing a probe beam through the fibre will
have on the temperature, since probe beams are crucial for
generating evanescent wave trapping sites around the fibre
[12, 30, 31]. Currently, a long switch-off time for our
magnetic field prevents us from making useful time-of-flight
temperature measurements on our cloud. This technique will
be implemented in future work.
Prior to this, two other significant non-destructive
temperature measurement techniques have been reported
[32, 33], both of which are performed in situ. In [33], atom
numbers ranged from 105 to 107 and, for lower numbers,
intensity correlation signals become quite small. In the course
of the work reported here, it was found that, for lower atom
numbers, it was more difficult, albeit not impossible, to achieve
fluorescence coupling. Further studies will investigate the
lower limit on the atom number within the system that still
attains efficient fluorescence coupling into the nanofibre.
It is worth reiterating that sub-Doppler temperatures were
observed for large red-detunings from the rubidium cooling
transition. On this basis, it would be worthwhile investigating
the influence of the optical nanofibre on the formation of even
colder atomic systems, e.g. Bose–Einstein condensates, and
such a study is crucial for determining the functionality of
optical nanofibres in hybrid quantum systems for quantum
communication schemes [12].
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We have performed release–recapture temperature measurements of laser-cooled 85Rb atoms using an
optical nanoﬁbre (ONF) in a magneto-optical trap (MOT). The effects of changing the cooling laser light-
shift parameter on the temperature of the cold atoms and spring constant of the trap are studied. By
varying the cold atom number density near the ONF, the onset of the multiple scattering regime is
observed without the need for an estimation of the atom cloud size. Moreover, this sensitive ONF assisted
release–recapture technique is easily able to detect any optical misalignment of the cooling laser beams
in the MOT.
& 2013 Published by Elsevier B.V.
1. Introduction
Temperature is undeniably one of the most important character-
istics of a laser-cooled sample of atoms that one can measure. By
experimentally determining the ensemble temperature, T, quantities
such as spring constant and diffusion coefﬁcient can be estimated
[1,2], temperature and density regimes can be mapped out [3], and a
wealth of information regarding the efﬁciency of the trapping, cooling
and compression scheme can be revealed [4,5]. Although there now
exist many temperature measurement techniques, for example [6,7],
the most commonly implemented methods use the thermal expan-
sion of the cloud – time-of-ﬂight (TOF) measurements – to estimate T
[8,9]. In this paper, we focus on the release–recapture (RR) which is
sensitive to the velocity distribution of the cloud. For temperatures at
the Doppler limit (144 μk for 85Rb) and above, as is the case in this
work, the RR method is well-suited. At temperatures signiﬁcantly
below the Doppler limit, gravity begins to play a role in the thermal
expansion of a cold cloud of atoms because the initial velocity of the
atoms becomes small compared to the velocity acquired due to gravity
during the expansion phase.
An optical nanoﬁbre (ONF) [10,11] is generally made from standard
optical ﬁbre which is heated and simultaneously pulled to produce a
subwavelength diameter ﬁbre. ONFs can be used to couple light into
optical resonators [12–15] and for characterising and guiding particles
[16,17]. Spontaneous emission into the guided modes of an optical
nanoﬁber is enhanced [18], making it an ideal high-sensitivity tool for
channeling atomic ﬂuorescence to a detector. Thus, in recent years,
ONFs have also been shown to act as a measurement tool and delivery
platform for cold atoms [19–26] and atomic vapours [27,28].
Here, the RR method is performed by positioning a cold cloud
of 85Rb atoms centrally around an ONF. Previous works show that,
despite the presence of the hot ONF surface in the cloud of cold
atoms, sub-Doppler temperatures can still be obtained with large
red-detunings of the cooling laser beams [25].
2. Background
If a spherical cloud of atoms, with a Gaussian velocity distribu-
tion, is allowed to expand homogeneously from an initial ﬁnite
diameter, the fraction of atoms, fr, remaining after the release time,
Δt2, is given by
f r ¼
1
π3=2
Z vc=vT
0
eu
2
u2 du  4π; ð1Þ
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where u2du  4π is the spherical polar coordinate for velocity. The
thermal velocity of the atoms in the MOT at a temperature T is
vT ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kBT=m
p
and vc ¼ Rc=Δt2 is the velocity at which the atoms
just reach a position Rc in the time intervalΔt2. The capture region
is characterised by the radius of the MOT beams, Rc. Integrating
Eq. (1) yields
f r ¼
2ev
2
c =v
2
T vcﬃﬃﬃ
π
p
vT
þErf vc
vT
 
: ð2Þ
Eq. (2) describes fr as a function ofΔt2. This equation is ﬁtted to
the experimental data by taking Rc as known and vT is the ﬁtting
parameter.
3. Experiment
The cold 85Rb atom cloud is formed with a standard MOT
conﬁguration of three orthogonal, counter-propagating cooling
beams intersecting at the centre of an inhomogeneous magnetic
ﬁeld. The cooling laser is locked to the crossover peak, 2S1=2Fg ¼
3-2P3=2Fe ¼ ð2;4Þco and then red-detuned from the cooling tran-
sition using an acousto-optical modulator (AOM). This detuning is
controlled by the frequency input (0–10 V) to the AOM driver. Each
beam has a maximum diameter of 24 mm (controlled via an
aperture). The repumping laser is locked to the crossover peak,
2S1=2Fg ¼ 2-2P3=2Fe ¼ ð1;3Þco. The magnetic ﬁeld is created by a
pair of coils, each carrying currents of  4 A in opposite directions,
to generate an axial ﬁeld gradient in the region of 15 G/cm at the
centre of the MOT. Between 104 and 108 atoms are trapped in the
MOT depending on experimental parameters.
To fabricate the ONF, the usual heat-and-pull-technique [29] is
used with Fibercore SM750 ﬁbre. For these experiments, the
transmission of the ONF was  60% and the waist diameter was
 1 μm (as determined with a scanning electron microscope).
Further details about the experimental characteristics of an ONF
can be found in [22]. The ﬁbre pigtails are coupled into and out of
the UHV chamber using a Teﬂon feed-through [30] and one end is
connected to a single photon counting module (SPCM1). The cloud
is aligned centrally around the ONF using imaging techniques and
optimisation of the ﬂuorescence coupling into the ﬁbre guided
modes is detected by the SPCM. Final adjustments to cloud
position are made with magnetic coil currents.
3.1. Procedure
The cooling laser beams were switched on and off with an AOM
in order to achieve the desired loading, release and recapture
sequence (see Figs. 1 and 2). A recapture time, Δt3, of 50 ms was
used to ensure that no background vapour atoms are recaptured
by the MOT. The loading time of the MOT is typically  1 s. The
magnetic ﬁeld stays on at all times.
To perform a temperature measurement, the cloud of atoms
was loaded for 10 s (Δt1) to ensure that a steady-state number of
atoms was reached. Then, the cooling laser was switched off using
the AOM for a time Δt2 to allow the cloud to expand freely. Δt2 is
varied each time the sequence is repeated: Δt2 ¼ 5 ms, 10 ms,
20 ms, … 150 ms. After the release time has passed, the cooling
laser is switched on for Δt3 ¼ 50 ms to recapture the cloud. The
cooling beams are switched off again with the AOM for 50 ms to
provide a suitable contrast between the signal from the recaptured
atoms and the background level. The sequence is recommenced
for the next value ofΔt2. An image of the cloud is recorded using a
CMOS camera and image analysis is performed to estimate the
cloud radius.
Following this release and recapture process, fast atoms escape
the MOT after a short release time and slower atoms are lost only
after longer release times. To estimate the temperature of the
atoms, the fraction of remaining atoms is calculated as a function
of Δt2. This is proportional to the ﬂuorescence coupled into the
nanoﬁbre. This method is sensitive to the velocity distribution of
the cloud.
4. Results and discussion
Temperatures approaching the Doppler limit have been observed
at moderate detunings when the alignment of MOT beams has been
particularly good. For example, for a detuning of 2:6Γ (where
Γ ¼ 2π  5:9 MHz is the natural linewidth of the 52S1=2-52P3=2
transition in 85Rb) with a cooling laser intensity per beam, Ibeam, of
2:9Is (where Is ¼ 1:6 mW=cm2 for s7 -polarised light on the 85Rb
cooling transition), T is estimated to be 167 μK (Fig. 3). Poor MOT
beam alignment would mean that atoms may leave the capture
region in a non-isotropic way, the signature of which is an immediate
and sharp decrease in recaptured atoms. The importance of precise
optical alignment and power equalisation in the MOT beams is well
known [31,32]. For example, [31] reports a temperature and asso-
ciated variation of (147725) μK depending on the alignment of the
laser beams. By using the ONF as the detection tool, the effect of
beam misalignment and power mismatching is detectable with a
greater sensitivity than for ﬂuorescence imaging techniques.
The temperature of the cold atoms as a function of Ibeam was
investigated (Fig. 4) and measurements show that a span of a few
hundred μK can be observed when varying Ibeam from 2.5 mW/cm2
to 6.7 mW/cm2 at a constant cooling laser red-detuning of  2Γ.
As expected, the temperature reduces as laser intensity is reduced
[33].
Traditionally, Rc is the quantity with the greatest uncertainty.
A small change in Rc ( 2:5 mm) when ﬁtting Eq. (2) to the data
results in a temperature shift of the order of the error bars seen in
Figs. 4–6.
In order to compare the RR temperature measurements with
another technique, we have taken data directly from previous
work which used the method of forced oscillations to estimate
cloud temperature (see [25] for full details). Table 1 presents a
comparison of results for temperature as a function of cooling
laser red-detuning. The results found using each technique corre-
late quite well. In particular, for higher detunings, the T values
which have been estimated with each method agree more
strongly. Lower values of red-detuning were not easily examined
with the ONF used for RR as the sacriﬁce in NA was sufﬁcient to
lower the ﬂuorescence coupling signal signiﬁcantly.
From Fig. 5, it is clear that temperatures obtained with the RR
technique increase linearly with the light-shift parameter, Ω2=jδjΓ,
as expected [2]. The spring constant, κ, can be inferred from these
temperature values. κ describes the restoring force in theMOT and is
a particularly relevant quantity in relation to compressing atoms
to high density. To determine κ it is assumed that, in thermal
equilibrium, the atom cloud has a thermal energy given by kBT ¼
κ〈r2〉¼m〈v2〉, where T is the experimentally determined cold atom
cloud temperature, kB is Boltzmann's constant, r is the radius of the
atom cloud, and 〈v2〉 is the mean square atomic velocity [1,4]. For
each value of red-detuning, the cloud radius is estimated using
image analysis. Fig. 6 shows that the spring constant increases with
intensity at low intensity or detuning values and then levels off
at some critical value of the light-shift parameter. Wallace et al. [2]
report that the spring constant is not independent of Ibeam until
a moderately high value of the light-shift parameter is reached.
1 Perkin and Elmer single photon counting module; model: SPCM-AQR-14;
dark count¼100 counts s1; quantum efﬁciency¼60% at 780 nm.
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It is interesting to observe that, as evident in Fig. 6, κ levels off
above light-shift parameter values of  1. As the most dense part
of the cloud is being studied with the ONF, this may be an
1. Load MOT for 
time Δ t1
2. Release cloud (switch off MOT beams) 
for time Δ t2
1. Recapture cloud 
for 50 ms (Δ t3)
ONF
Atom 
cloud
Timet20
Fig. 1. Illustration of the release and recapture sequence as a function of time. The
cloud is positioned centrally around the ONF. The cloud is loaded for a timeΔt1 and
then released from the trap for a timeΔt2.Δt2 is varied from sequence to sequence
to build up a proﬁle of the velocity of the atoms in the MOT. The recapture time,
Δt3, is set to 50 ms. The cloud is then released once more for 50 ms, before
repeating the entire sequence.
ONF
Cold 85Rb cloudSequenced
MOT beams
+1-order to MOT beams Beamstop for 0-order
RF signal (detuning)
RR sequence
off 
on
Fig. 2. Illustration of the experimental setup. The 1st-order beam from an AOM is
expanded and split into three equal-intensity cooling beams for the MOT. The 85Rb
cloud is positioned centrally around the ONF. The cooling beams are switched on
and off according to the sequence shown here with an AOM. Beam detuning is
controlled via the tunable RF input on the AOM.
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
0.0
0.2
0.4
0.6
0.8
1.0
45.0 45.5 46.0 46.5
0
500
1000
1500
2000
2500
3000
Fr
ac
tio
n 
of
re
ca
pt
ur
ed
 a
to
m
s
Release time, Δt2 (s)
Best fit of experimental release-recapture curve
Experimental data
Background level = 485 counts
73% recaptured
50 ms release time
C
ou
nt
s/
s
Time (s)
Fig. 3. Fraction of recaptured atoms estimated from the ﬂuorescence data obtained
from an optical nanoﬁbre placed near the cold cloud of atoms. For a release time,
Δt2, of 50 ms, 73% of the expanded cloud was recaptured with δ¼2:6Γ and
cooling laser intensity of 2.9Is (4.6 mW/cm2) per beam.
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Fig. 4. Temperature as a function of cooling laser intensity normalised to the
saturation intensity, Is (δ¼2Γ). The solid red line is a linear ﬁt to the experimental
data. (For interpretation of the references to color in this ﬁgure caption, the reader
is referred to the web version of this article.)
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solid line) to the data. (For interpretation of the references to color in this ﬁgure
caption, the reader is referred to the web version of this article.)
L. Russell et al. / Optics Communications 309 (2013) 313–317 315
183
interesting observationwhen compared to measurements done with
photodiodes.
As atom number is increased in the MOT, the regime of
operation transitions from temperature-limited (TL) to multiple-
scattering (MS) [34–36]. In the TL regime, the cold atoms are
essentially non-interacting because NA is small (typically less than
104) and the density is low. The cloud acts as an ideal gas in this
regime, and, as more atoms are loaded into the trap, the size of the
cloud remains the same while the density increases linearly and its
distribution remains Gaussian [37]. For larger NA (Z10
5) the cloud
begins operating in the MS regime and the density becomes largely
independent of NA [38]. Two effects are seen in this regime. Firstly,
repulsive forces caused by the re-absorption of scattered photons
lead to an increase in the cloud size while the density remains
constant. This radiation trapping effect determines the density and
temperature of cold atoms [3,39]. For example, at NA  107 the
cloud density is maintained and the optical thickness is such that,
on an average, each photon absorbed from the cooling laser beams
will, after re-emission, scatter no more than once on its way out of
the cloud. This determines the spatial growth of the cloud as NA
increases beyond 107 [40]. The second effect is due to an attenua-
tion force which arises from the intensity gradients in the MOT
beams and the absorption of such by the atoms [38,41]. This results
in spatial compression of the cloud and a small reduction in spring
constant of the trap [42]. When the MOT transitions from the TL to
the MS regime, the atom distribution may or may not change from
Gaussian to ﬂat-topped. Thus, at higher cloud densities, cloud
images may not be a direct indicator of density. Measurements
using an ONF negate the use of imaging analysis to estimate cloud
volume (for example, [39]) making it simpler to observe regime-
change in the MOT via ﬂuorescence coupling.
By considering an observation volume surrounding the ONF,
cloud density can be studied as the light-shift parameter is varied.
It is assumed that atoms within a hollow observation cylinder with
an outer radius equal to the ONF radius þ 300 nm are most likely to
emit ﬂuorescence into the guided mode of the ONF [19,22]. This
number of effective atoms, neff, can be estimated at one end of the
ONF using neff ¼ 2CP=RscηONFQηQD where Rsc is the atomic scattering
rate, ηONF is the average coupling efﬁciency of photons into the
guided ONF mode in one direction (estimated at 2% using previous
work based on 133Cs [43]), Q is the ONF transmission from the middle
of the ONF waist to the detector (the transmission through the entire
length of ﬁbre is 60% so Q¼77% for half the ﬁbre length), and ηQD is
the quantum efﬁciency of the SPCM (60%). The quantity CP is the
ﬂuorescent count rate obtained by the SPCM and is obtained from
the RR raw data. The scattering rate, Rsc, is described by [35]
Rsc ¼
Γ
2
C21Ω
2
tot=2
δ2þΓ2=4þC22Ω2tot=2
: ð3Þ
Here, Ωtot is the Rabi frequency for all MOT beams and is taken
to be six times that of any one of the trapping beams. C1 and C2 are
average Clebsch–Gordan co-efﬁcients. The values of C21 and C
2
2 are
assumed to be equal due to optical pumping among the Zeeman
sublevels in the presence of strong coupling between atoms and
the radiation ﬁeld [35].
If Neff is plotted as a function of light-shift parameter, saturation
of the atom number commences from Ω2=jδjΓ  1:2 onwards
(Fig. 7). As the observation volume is ﬁxed by the ONF radius, this
saturation effect is due to the spatial expansion of the cloud while
it maintains constant density and may also indicate the onset of
the MS regime in the MOT.
5. Outlook and conclusion
The temperature of a cold ensemble of 85Rb atoms has been
measured using the RR method with an ONF. The RR sequence was
applied to an AOM allowing the MOT beams to be switched off
rapidly. The results presented here agree with those found by the
forced oscillation method [25] and again reinforce the viability
of placing the ONF in yet colder atomic samples. This work has
highlighted the sensitivity of the cloud temperature to small
changes in beam misalignment, detunings, and intensities, and
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Fig. 6. Spring constant against dimensionless light-shift parameter Ω2=jδjΓ (black
circles) with a ﬁt for a guide to the eye (red, solid line). (For interpretation of the
references to color in this ﬁgure caption, the reader is referred to the web version of
this article.)
Table 1
Variation of temperature with cooling laser red detuning in units of the natural
linewidth using two different measurement techniques. Ibeam was approximately
2.2Is for release–recapture and 1.3Is for forced oscillation. Forced oscillation data is
taken directly from [25].
Method Red detuning (Γ) Temperature (mK)
Release recapture 1.1 1.8070.20
2.0 0.5670.13
3.5 0.2370.03
Forced oscillation 2.1 0.9770.08
2.6 0.6570.06
3.1 0.3770.04
3.5 0.1870.02
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Fig. 7. Estimation of effective atom-number, neff, with increasing dimensionless
light-shift parameter Ω2=jδjΓ (black circles) with two linear ﬁts to indicate the
change in slope around a light-shift parameter 1.2.
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demonstrates the ability to detect these temperature changes with
the ONF. As the detector can be positioned anywhere in the cloud
of atoms, a systematic temperature measurement, while exploring
the entire parameter space, can be performed.
Free-space RRmeasurements show that, with the same variation in
laser cooling intensity as we have used, a few hundred μK span can be
observed. The results here display this trend and, additionally, provide
detailed information about the velocity distribution of the atom cloud.
In particular, with the ONF-based RR method, the system is sensitive
to atoms near the ﬁbre surface and, using data analysis, it is possible to
generate a decay curve that shows how those near-surface atoms with
a high velocity leave the capture region quickly and do not continue to
contribute to the signal detected via the ONF.
Values for the springs constant of the MOT, inferred from
temperature results, increase with cooling laser intensity until
some critical value of the light-shift parameter is reached ( 1)
and then begin to level out. Further, by examining coupling signal
strengths while varying the light-shift parameter, the density
regime in which the MOT is operating can be identiﬁed.
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ABSTRACT   
This work is concerned with density enhancements in a laser-cooled sample of 
85
Rb using a dark magneto-optical trap 
(MOT). The density of atoms in a standard MOT is limited to approximately ~10
11
 atoms/cm
3 
due to radiation pressure 
and collisions. The dark MOT (DMOT) circumvents problems associated with radiation pressure in the atom cloud. To 
create a DMOT, a donut-shaped repump beam is projected on to the cloud of 
85
Rb. The dark region in the center of the 
donut is attenuated by ~10
-4
 compared to the bright outer ring. Atoms which encounter this dark region in the repump 
beam are scattered to the lower hyperfine ground level, F = 2, otherwise known as the dark hyperfine level. Additionally, 
a depump beam is used to force more atoms into F = 2. Results using free-space spectroscopy are presented to 
demonstrate the effect of the donut-shaped repump beam and the depump beam on the population distribution of the 
atoms in the hyperfine ground states.  A tapered optical fiber is used to measure the quality of the DMOT via a 
parameter, p, and a strong population transfer from the bright, F = 3, to the dark, F = 2, hyperfine ground level is 
demonstrated.  The tapered fiber, with a waist of ~ 1 m, is made from commercially-available optical fiber and is used 
to detect fluorescence from the cold 
85
Rb coupled into the fiber guided modes.  This work lays the foundation for optical 
nanofiber absorption spectroscopy with a small number of atoms in an optically-dense system.    
Keywords: laser-cooling, dark MOT, rubidium, tapered optical fiber, optical nanofiber, atom cloud density 
 
1. INTRODUCTION  
The tapered optical fiber (TOF), otherwise known as the optical micro/nanofiber depending on the waist diameter, is an 
ultrathin light guide usually fabricated from commercially available fiber using a heat-and-pull technique
1
.   The 
enhancement of the spontaneous emission from atoms surrounding a TOF into its guided modes
2
 is well known, making 
it an ideal high-sensitivity tool for channeling atomic fluorescence to a detector. In recent years, TOFs have been used as 
active or passive probes for cold atoms
3-11 
and hot atomic vapors
12-14
.  In the work reported here, atom cloud density 
enhancement techniques for a sample of laser-cooled 
85
Rb atoms are studied in order to increase the fluorescence and/or 
absorption signals obtainable with TOFs.   The density of atoms in a standard magneto-optical trap (MOT) is limited to 
~10
11
 atoms/cm
3
 for two reasons. First, a transfer of kinetic energy occurs when a ground state atom collides with an 
excited state atom leading to a trap loss rate that is proportional to the number of atoms trapped.   The second limitation 
is due to laser-cooled atoms in the MOT reabsorbing scattered photons, a phenomenon known as radiation pressure. The 
outward radiation pressure of the fluorescent light balances the confining forces of the trapping laser beams at a 
particular density and, at this point, if the number of atoms is increased, the atom cloud simply grows in size rather than 
in density. For the TOF, this is a major consideration; if one wishes to do absorption experiments using optical 
nanofibers, as many atoms as possible are required to fill the evanescent region around the fiber in order to optimize  the 
signal quality. 
In 1993 Ketterle et al.
15
 demonstrated a new design of MOT, known as the dark MOT (DMOT), which confined sodium 
atoms in the lower (or dark) hyperfine ground level, where they are unperturbed by the cooling beams and, thus, the 
DMOT is free from the density limitations of a standard bright MOT (BMOT). By reducing the intensity of the repump 
beams used in the standard BMOT configuration almost all the atoms are transferred from the bright hyperfine ground 
level to the dark hyperfine ground level. Although a small excitation rate is optimal for confining large numbers of atoms 
at a high density, the maximum possible excitation rate is required to efficiently capture atoms from a vapor and load 
them into a MOT. By using bright and dark regions in the repump beam simultaneously, both of these requirements can 
be fulfilled; a donut-shaped (or hollow) repump beam can be used for this as it consists of a bright outer ring of light, 
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containing a dark inner circle.  An atom which encounters the central dark region (i.e. the region with negligible repump 
intensity) will only spend a very short time in the cooling cycle before being shelved into the dark hyperfine level. 
One way of working with a BMOT and DMOT is by generating them sequentially in time using triggered, mechanical 
shutters and AOMs.  However, an alternative approach is to generate the BMOT and DMOT in different spatial regions 
of the trap, as achieved using the aforementioned donut-shaped repump beam.  The spatially generated DMOT has 
experimental advantages since atoms can be continuously loaded into the dark region from the outer bright MOT where 
the usual processes occur. In fact, although the inner, dark region is not really a magneto-optical trap, the outer bright 
region still captures background atoms and feeds the dark section. In other words, experimental parameters for the atoms 
at the trap center can be monitored and adjusted, while simultaneously maintaining the high loading rate achievable with 
the bright MOT. This is possible because the trapped atom cloud is localized near the minimum of the magnetic field, 
whereas the capture of atoms occurs throughout the whole intersection volume of the cooling laser beams. Note that only 
the spatial DMOT is considered in the work that follows.  This arrangement is very appealing for optical-fiber-based 
work. For example, the possibility of continuous absorption measurements via a TOF probe becomes available. 
Permyakova et al.
16
 report that, even with moderate beam powers of the order of 6 mW, the dark MOT can capture a 
large number of atoms and achieve optical densities as high as 9. Thus, by using low cooling laser intensities (for 
confining large numbers of atoms at a high density) in a DMOT scheme, high signal-to-noise ratios for the fluorescence 
coupling can be achieved for minimal beam powers. This leads to the potential demonstration of non-linear optics effects 
in the atom cloud without requiring high laser powers. 
In the mid-1990s, Townsend et al.
17
 demonstrated atom densities of nearly 10
12
 cm
-3
 in a DMOT for cesium. Prior to 
this, no report of similar density enhancements for elements other than sodium had been reported. The larger hyperfine 
splittings found in heavier alkali-metal atoms means that the dark MOT technique is not as straightforward as it is for 
sodium. For example, a 
85
Rb atom will undergo many cooling cycles (from F = 3→F' = 4, see Fig. 1) before falling to 
the F = 2 dark, hyperfine ground level due to spontaneous Raman processes. This cycling time can be shortened by using 
an additional depump beam, tuned to the F = 3→F' = 3 transition (see Fig. 1). The experimental setup described in 
Townsend et al.
17
 employed two hollow repump beams in addition to the depump beam to force cesium atoms into the 
dark, hyperfine ground level.   
 
Fig. 1. Energy levels used in the dark MOT for 85Rb. ‘C’ represents the cooling laser, ‘R’ represents the repump beam, and 
‘D’ represents the depump beam. 
2. EXPERIMENTAL SETUP 
2.1. Laser configuration 
A retro-reflected three beam MOT configuration is used for laser-cooling and trapping 
85
Rb atoms.  The donut-shaped 
repump beam is generated in the following manner.  First, the laser beam is expanded in a telescope setup to a diameter 
of 25 mm (see Fig. 2). A separate, unity magnification telescope is used to place a shadow in the beam and project it on 
to the atom cloud. A glass slide with an opaque circle as the shadow is placed near the focal point of the telescope and 
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aligned to create the hollow, donut-shaped, repump beam at the MOT. The opaque circle has a transmission of 10
-4
 as 
determined experimentally. If the circle were placed in the beam without being incorporated in a telescope system, 
Fresnel diffraction effects would occur at the trap center. This would diminish the efficiency of the dark MOT in 
shelving atoms into the F = 2 dark, hyperfine ground level. To facilitate rapid swapping from a DMOT to a BMOT, the 
slide with the shadow in the optical path of the repump beam can be easily unclipped from its holder and removed, turing 
the donut beam into a standard Gaussian repump beam. 
 
Fig. 2. Left: Experimental setup used to create the hollow repump beam using a unity magnifier with an opaque circle 
positioned near the center of two lenses. This imaging setup reduces Fresnel diffraction in the beam at the position of the 
MOT. Right: Repump beam profile obtained.  
For rubidium, simply having a hollow repump beam is not enough to generate a large dark state fraction
17
. This is in 
contrast to sodium, where the splitting between the ground hyperfine levels is small enough to ensure that off-resonant 
scattering from the excited, F', level to the lowest hyperfine level occurs with reasonably high frequency over the many 
cooling cycles. In 
85
Rb, the splitting between the hyperfine ground levels, F = 2 and F = 3, is approximately 3 GHz and, 
therefore, the central, dark region of the repump beam is simply not sufficient to generate a good DMOT. An additional 
depump beam is used, tuned near F = 3→F' = 3, to force more atoms into the lower (dark) level, as indicated in Fig. 1.   
In fact, the depump beam can be used with a normal, Gaussian profile repump beam to reach a moderate fraction of dark 
atoms.  This is termed a forced, dark MOT (FDMOT).  However, the combination of the depump beam and the hollow 
repump beam allows one to reach very dark MOTs and is the preferred technique to use.  
Rather than directing the hollow repump beam along a path which copropagates with a cooling beam a separate path is 
used. The reason for this is due to the retro-reflecting mirrors in the cooling beam path for the MOT design. If the hollow 
repump beam were aligned such that it passed centrally through the cloud, but reflected back off a retro-reflecting mirror, 
in general, the back-reflected dark spot would not align with the forward propagating one and could destroy the DMOT. 
2.2. Quantifying the DMOT quality 
To quantify the ‘darkness’ of the trap  Ketterle et al.15 introduced a quality parameter, p, that denotes the fraction of 
atoms in the bright, ground hyperfine level compared to the total number of atoms in the ground state, where 
 p = 
db
b
NN
N

. (1) 
Nb is the number of atoms in the bright hyperfine level (F = 3) and Nd is the number of atoms in the dark hyperfine level 
(F = 2).  The quality of the DMOT is determined from p, where p = 1 represents a 100% bright MOT and p = 0 is a 
100% dark MOT.  For the measurements of p reported here a TOF with diameter ~1 m is passed through the center of 
the atom cloud.  Resonance fluorescence emitted from the laser-cooled atoms couples into the guided modes of the TOF 
and is subsequently measured at one fiber pigtail end using a single photon counting module (SPCM).  The recorded 
count rate is proportional to the number of atoms in whichever hyperfine ground level is probed, thereby enabling a 
measurement of p to be performed. Alternatively, p can be estimated from the magnitude of observed absorption dips if 
free-space spectroscopy is performed.  
3. EXPERIMENTAL STUDIES  
3.1. Free-space spectroscopy of the DMOT 
The experimental setup is shown in Fig. 3. Initially, a free-space probe beam is passed through the atom cloud for 
absorption spectroscopy measurements, as illustrated in Fig. 3(a). The free-space probe beam is aligned with the center 
of the cloud so that it will pass through the dark region of the DMOT. The probe beam is obtained from a 780 nm ECDL 
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operating in scanning mode and frequency tuned via saturated absorption spectroscopy. The beam, after passing through 
the cloud, is directed to an avalanche photodiode (APD) (Hamamatsu model: C5460-01). The output signal of the APD 
is sent to a computer where it is analyzed via LabVIEW. 
 
 
Fig. 1. Experimental setup.  (a): free-space spectroscopy on the DMOT incorporating a frequency-scanned probe beam, 
APD: avalanche photodiode.  (b): probing the DMOT with an optical fiber, TOF: tapered optical fiber. 
Figure 4 (upper plot) shows the absorption spectra obtained using the free-space method to obtain a bright MOT. The 
lower plot in Fig. 4 shows the spectra for a well-optimized dark MOT (with hollow repump beam and depump light).  It 
is evident that the magnitude of the F = 2→F’ = 1,2,3 dips has doubled for the DMOT compared to the BMOT, while 
the magnitude of the F = 3→F’ = 2,3,4 dips has approximately halved, indicating a clear enhancement of the atom 
population in the F = 2 hyperfine level for the DMOT compared to the BMOT.   
 
Fig. 2. Upper trace: Free-space absorption spectroscopy on a BMOT.  Lower trace:  Free-space absorption spectroscopy on 
an optimized DMOT. The DMOT here is created using a hollow repump MOT beam and a depump beam. There is clearly 
more population in the F = 2 lower hyperfine level for the DMOT compared to the BMOT. 
An alternative way to create a dark MOT is to create a forced dark MOT (FDMOT). This can be obtained by applying 
the depump beam to the BMOT without placing a shadow in the repump MOT beam (i.e. without the donut-shaped 
beam, but rather a standard Gaussian). Figure 5 shows the spectra obtained for both the FDMOT and the DMOT.  The 
DMOT actually allows more F = 3 atoms in the trapping region than the FDMOT since the depump beam, when aligned 
correctly, only affects those atoms in the dark region of the donut-shaped repump beam. The DMOT is advantageous in 
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this case as the outer, bright region continues to feed the inner, dark region, thereby continuously feeding the DMOT. In 
other words, having a large population of bright F = 3 atoms around the dark F = 2 atoms is better for the overall atom 
number throughout the cloud. 
 
Fig. 3. Comparison between FDMOT (black plot) and DMOT (red plot). Although the FDMOT allows a large number of 
atoms to remain in F = 3, the DMOT is advantageous as much lower p values can be achieved, indicating a darker atom 
cloud. 
3.2. Characterizing the DMOT with a TOF 
By using beam stops to block and unblock the depump beam and/or the probe beam, different populations of atoms can 
be studied using an ~ 1 m diameter tapered optical fiber (Fibercore SM750)  passing through the atom cloud. An 
SPCM is connected to one end of the TOF so that atomic fluorescence from the atom cloud can be recorded. The setup is 
shown in Fig. 3(b). In the previous section, a probe beam generated by an ECDL was used. Here, the probe beam is 
derived from the repump beam of the MOT and aligned, in free-space, with the center of the atom cloud. The frequency 
of this probe beam is fixed with an AOM and tuned to the repump transition of 
85
Rb.  Figure 6 shows two loading 
curves: the upper (black) plot is for a BMOT and the lower (red) plot is for a DMOT. The DMOT in this instance has no 
depump shining on it and, thus, it is not extremely dark (i.e. p is not very low). This explains why the resulting coupling 
is relatively large (~750 counts/5 ms) compared to the coupling from the BMOT (~2000 counts/5 ms). The steady state 
count rate for both curves is proportional to the number of atoms in F = 3 although the distribution of atoms between 
both hyperfine ground states, F = 2 and F = 3, is different in each case. However, these two sets of data are not sufficient 
to determine the population of each ground state or how dark the DMOT is. To determine the value of p with the SPCM 
and ONF two sets of data must be recorded and analyzed. This is explained in the following section. 
 
Fig. 4. Loading curves for a BMOT (black, upper) and a DMOT (red, lower). This plot shows the residual fluorescence 
coupling that can be obtained using a DMOT of modest p value. In this case, the DMOT has been created with the hollow 
repump beam only (no depump light has been used). 
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Figure 7(a) shows the fluorescence count rate through the fiber for a DMOT created with a hollow repump beam (no 
depumping beam). At ~7.5 s, the magnetic field is switched on and the DMOT loads. The fluorescence level increases 
from 125 counts/2 ms (indicated by the red line that shows the background light coupling into the fiber) to ~ 275 
counts/2 ms due to the residual bright atoms in the DMOT.  In other words, the F = 3 atoms contribute ~150 counts/2 
ms to the signal. This is the numerator of p as given in Eq. 1 and has been determined by forming a DMOT with just a 
hollow repump beam. In Fig. 7(b), the fluorescence signal is recorded for a DMOT created with a hollow repump beam 
and the depumper. This yields the baseline count rate of 175 counts/2 ms (blue line) and, thus, the numerator of p in this 
case is 50 counts/2 ms. Furthermore, in this plot, the probe beam is added to the optical configuration. This probe beam 
is tuned to the repumping transition of 
85
Rb and aligned with the dark region of the cloud. Thus, it “fills in” the dark 
central region of the donut-shaped repump beam, thereby recreating a standard BMOT configuration. The probe switches 
on for 100 ms at 1 Hz repetition rate, while the depump switches off at the same time and rate. The observed spikes in 
the fluorescence count rate (~1150 counts/2 ms) coupled into the tapered optical fiber are from atoms in both the ground 
state hyperfine levels, F  =  2 and 3. This is the denominator of p. By taking the ratio of the baseline (125 counts/2 ms) 
in Fig. 7(a) to the peak counts in Fig. 7(b), and correcting for the background level, the value for p is determined as ~ 
0.10 in a dark MOT without the depumper. However, with the inclusion of the depumper the dark MOT is improved and 
a value of p ~ 50/1150 ≈ 0.04 is obtained. 
 
Fig. 5. Florescence count rate coupled into the tapered optical fiber for: (a) A DMOT created with a hollow repump beam 
and no depump light. At 7.5 s, the magnetic field is switched on to allow the DMOT to load. The fluorescence level 
increases from 125 counts/2 ms to 275 counts/2 ms. This is due to remaining bright atoms in F = 3 in the DMOT. (b) A 
DMOT created with a hollow repump beam and a depumper. The depumper is switched off for 100 ms at 1 Hz repetition 
rate. Additionally, there is also a probe beam that switches on when the depump is off. This probe beam is aligned with the 
center of the DMOT and tuned to the repump transition of 85Rb (F = 2→F’ = 3). The height of the peaks in this plot (~1150 
counts/2 ms) are proportional to the number of atoms in both hyperfine ground levels. In both plots the donut-shaped 
repump beam is on at all times. By taking the ratio of the baseline counts in (a) to the peaks in (b) the value for p is 
determined to be ~0.10. However, by including the depumper, p is determined using the baseline of (b) (blue line): 50/1150 
≈ 0.04.  
3.3. DMOT loading times 
Loading curves can be analyzed for the DMOT and BMOT via the ONF.  Figure 8 shows a loading curve for a BMOT 
(upper panel) and a loading curve for a DMOT (lower panel). Both curves have been background-corrected. The BMOT 
curve yields a loading rate, RB, of 15.4×10
4
 counts/s by fitting it with N(t)=RB/Γ(1-e
-Γt
) where Γ is the collisional loss rate 
in the MOT. The plot in the lower panel is the loading curve for a DMOT which has been created with a hollow repump 
beam and a depumper. The spikes in fluorescence occurring at 1 Hz (for 100 ms duration) are due to the simultaneous 
switching off of the depumper and switching on the probe beam for detection purposes. As discussed previously, these 
conditions (depumper off and probe on) recreate the conditions for a BMOT and provide a measurement of the 
denominator of p. These peaks in the DMOT curve reach values of ~1×10
5
 counts/s, matching the steady state count rate 
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of the upper (BMOT) loading curve. The baseline curve of the DMOT plot represents the loading curve of the fraction of 
F = 3 atoms present in the DMOT. The DMOT does not help the loading process so the loading rate cannot be larger in 
the DMOT than in the BMOT. In Fig. 8 one can see that the loading rate of the DMOT, RD, is ~ 0.2RB. For this DMOT, p 
= 0.22. The change in RD can be also be examined as a function of p. In Fig. 8(b), p is varied (using different depumper 
intensities) over the range 0.08 to 0.50. The loading rate of the DMOT decreases for lower p values as expected
18
. 
 
Fig. 6. Background-corrected loading curves for the BMOT and DMOT are shown in (a) with theoretical fits to determine 
the loading rates: RB = 15.4×10
4 counts/s, RD = 3.3×10
4 counts/s. In this case, p = 0.22 for the DMOT. (b) Changing RD for 
varying p. 
4. CONCLUSION 
In conclusion, this work examined the implementation of a DMOT in order to circumvent the density-limitations of a 
BMOT. The density of atoms in a BMOT is a property that is limited by (a) reabsorption of emitted photons within the 
cloud and (b) collisions between ground state and excited state atoms leading to kinetic losses. For the TOF, this is a 
major consideration. If one wishes to do absorption style experiments using a TOF, for example, signal quality will be 
improved dramatically by forcing as many atoms as possible to fill the evanescent region around the fiber. Although 
there will still be collisional losses in a DMOT (unless p = 0), the reabsorption of scattered photons is no longer a 
dominant problem. By packing more atoms closer to the fiber surface, the evanescent field of a resonant beam passing 
through the fiber would be easily absorbed by nearby atoms. A density improvement is therefore critical to achieve high 
optical densities, thereby allowing demonstrations of nonlinear effects such as electromagnetically induced transparency 
(EIT) and slow light.
19,20
 The DMOT reported here was created with a donut-shaped repump beam and a depump beam. 
The DMOT was characterized in two different ways. Firstly, free-space absorption spectroscopy was performed to obtain 
absorption spectra for the BMOT and DMOT. Secondly, with a probe beam (tuned to the repump transition), a tapered 
optical fiber was used to collect the resonant fluorescence from the atoms. The variation in DMOT loading rate, RD, for 
changing p was measured via the TOF, with the lowest values of RD obtained for the darkest DMOTs. 
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